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ASTRONOMY. 


I.  jLfnoKour  was  (int  studied  ns  on  tut,  HabBerrieot  ti> 
the  pniposes  of  social  liTc.  Some  knowledge  of  the  cele^ 
tkl  moiioDs  was  ncceeeary,  in  every  state  of  society,  that 
M  might  mark  the  progr«>Bs  of  the  itcaaons,  wliicli  regulate 
tbe  labours  of  the  cultivator,  and  the  inigratiuns  of  the 
Atyherd.  It  is  neceaaory  for  the  record  of  past  events, 
•nd  far  tiic  ^ipodDtment  uf  national  meetingg. 

Whiic  the  motions  of  the  heavenly  bodies  afford  us  the 
SUMS  of  nttwoing  tliese  useful  ends,  they  also  present  to 
4w  Earious  philoso[iher  a  series  of  magnificent  phenomena, 
ibe  opimtiDn  of  the  greatest  powers  of  mateiial  nature ; 
■mI  dnia  they  powerfully  excite  his  curiosity  with  respect 
l0  tkeir  causes.  Itns  circumstance  alone  makes  the  celes- 
!■)  molioaa  the  proper  objects  of  attention  lo  a  student  of 
llechnuail  Philos^hy,  aiid  he  has  less  concern  in  the 
beautiful  regularity  and  Eubordination  whicli  have  made 
th^  ao  RibcCTvient  to  the  purposes  of  Navigation,  of 
CSuunlogy,  and  the  ovcupations  of  rural  life. 

Qat  the  purposes  of  the  mechanical  philosopher  oaimot 
beattained  without  attending  to  lliat  beauty,  regularity, 
md  lufaotduiatiDn.  These  features  ore  exhiblled  in  every 
OKUOiilance  of  the  celestial  motions  that  renders  them 
auMefAJblo  uf  Bcientific  amuigemcni  and  investigation;  and 
a  plnlnophical  view  cannot  be  taken,  without  the  same  ac- 
cunle  knowledge  of  the  motluns  that  is  wanted  for  the  arts 
of  Hfc  It  muit  be  added,  that  sociuty  never  would  have 
doived  tJie  bcnirfibt  wbidi  it  ho*  received  from  avtrunomVi 
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without  the  labours  of  tlie  philosopher ;  for,  had  not  New- 
ton, or  some  such  exalted  genius  as  Newton,  speculated 
about  the  deflecting  forces  which  regulate  the  motions  of 
the  solar  system,  we  never  should  have  acquired  that  ex- 
quisite knowledge  of  the  mere  phenomena  that  is  absolutely 
necessary  for  some  of  the  most  important  applications  of 
them  to  the  arts.  It  was  these  speculations  alone  that 
have  enabled  our  navigators  to  proceed  with  boldness 
through  untried  seas,  and  in  a  few  years  have  almost  com- 
pleted the  survey  of  this  globe.  And  thus  do  we  expe- 
rience the  most  beneficial  alliance  of  philosophy  and  art. 

Since  the  motions  of  bodies  are  the  only  indications, 
characteristics,  and  measures  of  moving  forces,  it  is  plain, 
that  the  celestial  motions  must  be  accurately  ascertained, 
that  we  may  obtain  the  data  wanted  for  the  purpose  of 
philosophical  inference.  To  ascertain  these  is  a  task  of 
great  difficulty ;  and  it  has  required  the  continual  efforts 
of  many  ages  to  acquire  just  notions  of  the  motions  exhi- 
bited to  our  view  in  the  heavens.  For  the  same  general 
appearances  may  be  exhibited,  and  the  same  perceptions 
obtained,  and  the  same  opinions  will  be  formed,  by  means 
of  motions  very  different ;  and  it  is  frequently  very  diffi- 
cult to  select  those  motions  which  alone  can  exhibit  every 
observed  appearance.  If  a  person  who  is  in  motion  ima- 
gines that  he  is  at  rest,  and  assumes  this  principle  in  his 
reasonings  about  the  eff*ects  of  the  motions  which  he  per- 
ceives, he  mistakes  the  conclusions  which  he  draws  for  real 
perceptions ;  and  calls  that  a  deception  of  sense,  which  is 
really  an  error  in  judgment.  Errors,  in  our  opinions  con- 
cerning the  motions  of  the  heavenly  bodies,  are  necessarily 
accompanied  by  false  judgments  concerning  their  causes. 
Therefore,  an  accurate  examination  of  the  motions  whidi 
really  obtain  in  the  heavens,  must  precede  every  attempt 
to  investigate  their  causes. 

The  most  probable  plan  for  acquiring  a  just  and  satis- 
factory knowledge  of  these  particulars,  is  to  follow  the  stepft 
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of  our  predeceann  in  this  study,  and  first  to  oonuder  the 
more  gexteni  and  obvious  phenomena.  From  these  we 
must  deduce  the  opinions  which  most  obviousl;  suggest 
themselves,  to  be  corrected  aAenrards,  by  comparing  them 
with  other  phenomena,  which  may  happen  to  be  irrecon- 
diUe  wiih  them. 


ASTRONOMICAL  PHENOMENA. 

8.  To  an  observer,  whose  view  on  all  sides  is  bounded 
only  by  the  sea,  the  heavens  appear  a  concave  sphere,  of 
whidi  the  eye  is  the  centre,  studded  with  &  great  number 
of  limuDDUB  bodies,  of  which  the  Sun  and  Moon  are  the 
nut  remarkable.     This  sphere  is  called  the  sphere  of 

TBI  ITAKKT  HEAVENS. 

The  only  distances  in  the  heavens  which  are  the  imme- 
iito  otgects  of  our  observation,  are  arches  of  great  circles 
fusag  through  the  different  punts  of  the  starry  heavens. 
Tbettfore,  all  astrtmonticol  computations  and  meosure- 
MDtt  are  peiformed  by  the  rules  of  spherical  trigonome- 
«7- 

3.  We  see  only  the  half  of  the  heavens  at  a  time,  the 
i^tet  half  being  bid  by  the  earth  on  which  we  are  placed. 
"Hie  great  circle  H  B  O  D,  (Fig.  1.)  which  separates  the ' 
viAle  hemis{^ere  H  Z  O  from  the  invisible  hemisphere 
HNO,  is  called  the  hoxizom.  This  is  marked  out  on 
the  starry  heavens  by  the  farthest  edge  of  the  sea.  The 
point  Z  immediately  over  the  bead  of  the  observer  is  called 
the  EXNiTH  ;  and  the  point  N,  diametrically  oppoute  to  it, 
it  called  the  nadik. 

i.  The  wnith  and  nadir  are  poles  of  the  horison. 

G.  If  an  observer  looks  at  the  heavens,  while  a  plummet 
itnispended  before  his  eye,  the  plumb  line  will  mark  out 
n  the  heavens  a  quadrant  of  a  drcle,  whose  plane  is  per- 
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pendicular  to  the  horizon,  and  which  therefore  passes 
through  the  zenith  and  nadir,  and  through  two  oppoate 
points  of  the  horizon.  ZONH  and  ZBNDare  suA 
circles.     They  are  called  vertical  circles  and  azimuth 

CIRCLES. 

6.  The  ALTITUDE  of  any  celestial  phenomenon,  such  as 
a  star  A,  is  the  angle  A  C  B,  formed  in  the  plane  of  the 
vertical  circle  Z  A  N,  by  the  horizontal  line  C  B  and  the 
line  C  A.  This  name  is  also  given  to  the  arch  A  B  of  the 
vertical  circle  which  measures  this  angle.  The  arch  Z  A 
is  called  zenith  distance  of  the  phenomenon. 

7.  The  azimuth  of  the  phenomenon  is  the  angle  OCB, 
or  O  Z  B,  formed  between  the  plane  of  the  vertical  circle 
Z  A  B  passing  through  the  phenomenon,  and  the  plane  of 
some  other  noted  vertical  Z  O  N.  The  arch  C  B  of  the 
horizon,  which  measures  tins  angle,  is  also  frequently  call- 
ed the  azimuth. 

8.  The  starry  heavens  appear  to  turn  round  the  earth, 
which  seems  pendulous  in  the  centre  of  the  sphere ;  and 
by  this  motion,  the  heavenly  bodies  come  into  view  in  the 
east,  or  rise  ;  they  attain  the  greatest  altitude,  or  culmi- 
NATE,  and  disappear  in  the  west,  or  set.  Tins  is  called 
the  FIRST  motion. 

9.  This  motion  is  performed  round  an  axis  N  S  (Fig.  S.) 
pasang  through  two  points,  N,  S,  called  the  poles  of  the 
worid.  In  consequence  of  this  motion,  a  celestial  ob- 
ject A  describes  a  circle  AD  B  F,  through  the  centre  C  of 
whidi  the  axis  N  S  passes,  perpendicularly  to  its  plane. 
This  nN>tion  may  be  very  distinctly  perceived  as  follows  : 
Let  a  point,  or  sight,  be  fixed  in  the  inside  of  a  sky-light 
fronting  the  north,  and  inclined  southwards  from  the  per- 
pendicular at  an  angle  equal  to  the  latitude  of  the  place. 
An  eye  placed  at  this  point  will  see  the  stars  through  the 
glass  of  the  window.  Let  the  points  of  the  glass,  through 
which  a  star  appears  from  time  to  time,  be  marked.  The 
marks  will  be  found  to  lie  in  the  circumference  of  a  circle, 
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tatxe  of  wliidi  will  mark,  the  place  of  the  pole  in  the 

,  Those  suira  which  are  farthest  frgm  the  poles  will 

;  the  greatest  circles ;  aad  those  kHII  describe  the 

t  possible  circles  which  are  in  the  circumference  of 

e  jE  W  Q  E,  which  is  equittisUnt  from  both  poles. 

le  is  called  die  bquatox,  aiid,  being  a  great  dr- 

8  the  hon74)Q  in  two  points,  E,  W,  diametrically 

e  to  each  other.     They  are  the  cast  and  west  points 

nizoo. 

f  a  great arde  AHQSM  passes  through  the 

sidicularly  to  the  horizon  HWO  £,  it  will  cut 

ti  and  south  points ;  and  any  star  A  will  ac- 

test  elevation  when  it  comes  to  the  semicircle 

1  its  greatest  depression  when  it  comes  to  the  se- 

•J  B  S  ;  and  the  arch  D  A  F  of  its  apparitioa  will 

id  in  A. 

F  the  circle  A  D  B  F  of  revolution  be  between  the 

r  and  that  pole  N  which  is  above  the  horizon,  the 

It  portion  of  it  will  be  vicuble ;  but  if  it  be  on  the 

aide  of  the  equator,  the  smallest  portion  will  be  visi- 

B  half  of  the  equator  is  visible.     Some  circles  of 

I  arc  wholly  above  die  horizon,  sad  some  are 

A  star  in  one  of  the  first  is  always  seeD, 

n  the  last  is  never  seen. 

e  distance  A  jE  of  any  point  A  from  the  equa- 
k called  its  dkclikation,  and  the  circle  AUBF, 
kparallel  to  the  equator,  is  called  a  rABALLEt,  of  dx- 

t  angle  ^  C  H,  contmned  by  the  planes  of  the 
i  horizon,  is  the  complement  of  the  angle  N  C  0, 

alu^  is  the  elevation  of  the  pole. 
15.  The  revolution  uf  die  etarry  heavens  is  peribnn- 

«diD  iiS"  66'  i".     It  is  called  the  didbmal  revolution. 

ho  apfeanaw  of   incquahty  has  been  observed   in  it ; 


-   \ 
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and  it  is  therefore  assumed  as  the  most  perfect  measure  cyf 
time. 

16.  The  time  of  the  diurnal  apparition  or  cUsparition 
of  a  pcnnt  of  the  starry  heavens  is  bisected  in  the  instant 
of  its  culmination  or  greatest  depression.  The  Sun,  there- 
fore,  is  in  the  circle  NASQ  at  noon.  For  this  reason  the 
drcle  N  A  S  Q  is  called  the  mebibi ak. 

17.  A  phenomenon  whose  circle  of  diurnal  revolution 
A  D  B  F  is  on  the  same  side  of  the  equator  with  the  ele- 
vated pole,  is  longer  visible  than  it  is  invisible.  The  con- 
trary obt^ns  if  it  be  on  the  other  side  of  the  equator. 

18.  Any  great  circle  N  A  iE  S,  or  N  B  L  S,  (Fig.  8.) 
passing  through  the  poles  of  the  world,  is  called  an  houb 

CIRCLE. 

19.  The  angle  iE  C  L,  or  ^  N  L,  contained  between 
the  plane  of  the  hour-circle  N  B  L  S,  pasang  through  any 
phenomenon  B,  and  the  plane  of  the  hour  circle  N  /W  S, 
passing  through  a  certain  noted  point  M  of  the  equator,  is 
called  the  right  ascension  of  the  phenomenon.  The  in- 
tercepted arch  iE  L  of  the  equator,  which  measures  this 
angle,  is  called  by  the  same  name. 

20.  In  assigning  the  place  of  any  celestial  phenomenon, 
we  cannot  use  any  points  of  the  earth  as  points  of  refer- 
ence. The  starry  heavens  afford  a  very  convenient  means 
for  this  purpose.  Most  of  the  stars  retmn  their  relative 
situations,  and  may  therefore  be  used  as  so  many  points  of 
reference.  The  application  of  this  to  our  purpose  requires 
a  knowledge  of  the  portions  of  the  stars.  This  may  be 
acquired.  The  difference  between  the  meridional  altitude 
of  a  star  B,  and  of  the  equator,  gives  the  arch  A  -.E,  inter- 
cepted between  the  equator  and  the  parallel  of  declination, 
or  circle  of  diurnal  revolution  A  B  D,  described  by  the 
star.  And  the  time  which  elapses  between  the  passage  of 
this  star  over  the  meridian,  and  the  passage  of  that  point 
iE  of  the  equator  from  which  the  right  of  ascensions  are 
computed,  gives  the  arch  ^  I*  of  the  ^uator  which  has 
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Iduring  ihis  interval.  Therefore,  an  hour  eipcle 
I  being  ilrawn  through  the  point  L  ol'  the  equator, 
ftarclc  of  revolution  ADD  being  drawn  at  the  ob- 
M  diatancv  A  .K   from  the  equator,  the  place  of  llio 

H  be  found  in  their  intersection  B. 
iFGIabcs  and  maps  have  been  made,  on  which  the  re- 
ibHions  of  tile  sUrs  have  been  placed,  in  positions  si- 
6  tlieir  real  positions  ;  and  catalogues  of  the  stars 
pken  composed,  in  which  every  star  is  set  down  witli 
IniBtion  and  right  oscenaion,  this  being  the  most  con- 
It  arrangement  for  the  practical  astronomer.  Their 
»  and  latitudes  {to  be  explained  afterwards)  are 
ct  down,  in  separate  columns.  The  most  noted  of 
Sthoe  is  the  bhitaknh;  cataloguk,  constructed  by  Dr 
FUoKteod,  from  his  own  observations  "m  the  Royal  Obser- 
irMory  at  Greenwich.  This  catalogue  contains  the  places 
uf  3000  stars.  It  is  accom{)ai)ied  by  a  collection  of  maps, 
kncnratoail  astronomers  by  the  title  of  ati.as  cbi.BSTIh. 
An  iiwful  abridgment  of  both  has  been  published  by  Bode 
a  B(rRmf  and  by  Forttn  in  Paris,  in  small  quarto.  Twii 
[ibnisplieres  have  also  been  published  by  Sencr,  in  fjOttdwi, 
onsimcted  from  the  same  obscr\-ations,  and  executed  with 
UDOornnKiu  elegance ;  as  also  a  parlicidar  map  of  that  zone 
of  llie  litavens  to  which  ail  the  planetary  motions  are  limit- 
ed. This  is  also  executed  with  superior  elegance  and  ac- 
oinrir.  The  place  of  any  phenomenon  may  be  aacertain- 
idinil  within  5'  of  the  truth,  by  mere  inRpcclion,  without 
cdcuUtiim,  scale,  or  compasses.  No  astronomer  sliould  be 
unprovided  with  it. 

88.  All  these  represenlaliuntt  and  descriptions  uf  the 
slany  heavens  become  obsolete,  in  some  measure,  in  con- 
Mqumce  of  a  gradual  change  in  the  dcclinatifm  and  right 
aKcnnon  of  the  stars.  But  as  this  may  be  accurately 
onputed,  the  maps  and  catalogues  retain  ibeir  original 
vilue,  requiring  only  a  little  tnnible  in  aecommodalin;j 
D  Ihe  present  state  of  the  heavens.     TIk-  Ilrilaimif 
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Catalogue  and  Atlas  are  adjusted  to  the  state  of  the  hea^ 
Tens  in  1690 ;  and  the  p1aniqihgres>  &c.  by  S^iex,  are  the 
same.     The  editions  of  Paris  and  Berlin  are  for  1750. 

SS.  In  these  mi^  and  catalogues,  it  has  been  fiMind 
convenient  to  distribute  the  stars  into  groupes,  called  cox- 
8T£LLATi0Ns ;  and  figures  are  drawn,  which  comprehend 
all  the  stars  of  a  group,  and  ^ve  them  a  sort  of  conneYioQ 
and  a  name.  Each  star  i&  distinguished  by  its  number  in 
the  constellation,  and  also  by  a  kttser  of  the  alphabet 
Thus,  the  most  brilliant  star  in  the  heavens,  the  Dog  star» 
or  Sinus,  is  known  to  all  astronomers  as  No  9,  orwCamM 
MoforU.  The  numbers  always  teleat  to  the  Britannic  cbp- 
talogue,  it  being  oonudered  as  classical. 

S4.  Since  the  publication  of  that  work,  however,  great 
additions  harre  been  made  to  our  knowledge  of  the  starry 
heavens,  and  several  catalogues  and  atlases  have  been 
published  in  different  parts  of  Europe.  Of  the  catalogues, 
the  most  esteeeraed  are,  1 .  a  small  catalogue  of  389  stars, 
the  places  of  which  have  been  determined  with  the  utmost 
care  by  Dr  Bradley,  at  the  Greenwich  Observatory ;  ?.  a 
catalogue  of  the  southern  stars  by  Abbe  de  la  Caille ;  3.  a 
catalogue  of  the  aodiacal  stars  by  Tobias  Mayer  at  Gottin* 
gen ;  and,  lasihfy  a  new  atlas  celestis,  consisting  of  a  cata- 
logue and  maps  of  the  whole  heavens,  and  containing  above 
15,000  stars,  by  Mr  Bode  of  Berlin.  The  Rev.  Mr  Fr. 
WoUaston  published,  in  1780,  a  specimen  of  a  gen»»l 
astronomical  catalogue  of  the  fixed  stars,  arranged  accord- 
ing to  their  declinations,  folio,  London,  1780.  This  is  a 
most  valuable  work,  containing  the  places  of  many  thou- 
sand stars,  according  to  the  catakgues  of  Flamstead,  La 
Caille,  Bradley,  and  Mayer.  These  b^g  arranged  in 
parallel  columns,  we  see  the  differences  between  the  deter- 
minations of  those  astronomers,  and  are  advertised  of  any 
changes  which  have  occurred  in  the  heavens.  The  cata- 
logue is  accompanied  by  d'uections  for  prosecuting  this 
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of  obtaioii^  a  mioute  surrey  of  the  tvhok  starry 

Id  the  valuiiible  utroQonueal  tables  pubtbhctl  in  1776 
b;  the  academy  of  BeFliD,  Mr  Bode  haa  given  a  ettnilar 
RjrnopsK  of  tbe  catalogues  of  Fiamstefld,  LaCailte,  Bradley> 
■nd  Mayer,  not  indeed  so  exlenaive,  our  lo  nuoute,  as 
Wallaston's,  but  of  great  use,* 

85.  Having  ihus  obtuned  maps  of  the  heavens,  the 
pUeeof  a  celestial  phenomenon  ia  ascertained  in  A  variety 
of  ways.  1.  By  its  observed  distance  front  two  known  stars. 
S.  By  its  altitude 'and  azimuth.  3.  Moat  accurately,  by  iu 
ii^  asceiisioD  and  declination. 

2i.  This  lost  being  the  most  accurate  metliod  of  aeccr- 
timng  the  place  c^  any  celestial  phenomenon,  observatiooB 
rfandioaal  altitude,  and  of  tkaiisits  over  the  meridian, 
natbc  most  important.  For  an  account  of  the  manixer  of 
HMbitiiig  these  observations,  and  a  description  of  the  in- 
ItniimU,  we  may  consult  Smith's  Optics,  vol.11.;  Mr 
ViHt'*  Treatise  of  I'niclical  Astronomy ;  La  Landc's 
AMMMuny,  Sic-f  The  uuaAi.  uUAoaANT,  thansit  ik- 
UtEiuuiT,  and  clock,  are  thereibre  ilie  capital  furniture  of 
M  obfervatnr}- ;  to  which,  however,  ^ould  be  added  an 
MVAioBiAi.  tNsTRinaENT  lor  observing  phenomena  out  of 
liw  nnidiati.     Other  instruments,  such  as  the  kqual  al- 

SmoK   IKSTBDllKHT,     the    BIIOMBOIDAL     RETICDLA,    the 

miTB  ssRTOH,  and  one  or  two  more,  are  fitted  for  astro- 
miKn  on  a  voyage. 

fj.  Tlie  poaibon  of  the  meridian,  and  the  latitude  of  the 
alaaistory,  muM  be  accurately  determiacd.    There  are  va- 

'IkiaCatalogue,  reduced  to  1S30,  U  published  in  tbe  Edinbdrch 
iRmoFACiA,  Art  iSTRONoMY,  vol.  II.  p.  lis. Ed. 

T  An  loconnt  of  ihe  modern  natromjinieil  mstrumenis,  es  mo^e  by 
Air  l^ong^ion,  aitd  the  mi-'ibud  of  usinn;  then),  will  be  found  in  tlic 

BKl(lu»saE«cii-Lor.n.i*,AtlidcsAsiBOKo«Y,  Circle,  Obblu- 
**««,  &C. Ej>. 
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rious  methods  of  detenniniDg  the  meridian.  The  most  ac- 
curate is  to  view  a  circumpolar  star  through  a  telescope 
which  has  an  accurate  motion  in  a  vertical  plane,  and  to 
change  the  portion  of  the  telescope  till  the  times  which 
elapse  between  the  successive  upper  and  lower  tranmts  of 
the  star  are  precisely  equal.  The  instrument  is  then  in  the 
plane  of  the  meridian  (Fig.  4.) 

28.  In  order  to  find  the  dedinatioii  of  a  phenomenon 
more  readily,  it  is  convenient  to  know  the  inclination  of  the 
axis  of  diurnal  revolution  N  S  (Fig.  2.)  to  the  horizon,  m 
the  elevation  of  the  pole  N.  The  best  method  for  this  pur 
pose  is  to  observe  the  greatest  elevation  I  O,  and  the  least 
elevation  K  O,  of  some  circumpolar  star.  The  elevation  of 
the  pole  N  is  half  the  sum  of  those  elevations. 

29-  The  elevation  of  the  pole  is  difierent  in  different 
places.  An  observer,  situated  69|  statute  miles  due  north 
of  another,  will  find  the  pole  elevated  about  a  degree  more 
above  his  horizon.  From  observations  of  this  kind,  the 
bulk  and  shape  of  the  earth  are  determined.  For  it  is  plain 
that  560  times  69^  miles  must  be  the  circumference  of  the 
globe.  It  is  found  to  be  nearly  an  elliptical  spheroid,  of 
which  the  axis  is  7904  miles,  and  the  greatest  diameter  79iO 
miles.  This  deviation  from  perfect  sphericity  has  been  dis- 
covered by  measuring,  in  the  way  now  mentioned,  a  degree 
of  the  meridian  in  different  latitudes.  One  was  measured 
in  Lapland,  m  latitude  66«  20',  and  it  measured  122,457 
yards,  exceeding  69J  miles  by  137  yards*.  Another  was 
measured  at  Peru,  crosang  the  very  equator.  It  contained 
121,027  yards  falling  short  of  69 J  miles  by  1293  yards, 
and  wanting  1430  yards,  or  almost  a  mile,  of  the  other. 
Other  degrees  have  been  measured  in  intermediate  lati- 
tudes ;  and  it  is  clearly  established,  that  the  degrees  gra- 


*  This  degree  is  supposed  to  be  200  French  toiscs  too  great  by 
M.  Svanberg,  who  lately  remcasured  it. — Ed. 
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ddiHt  increase,  as  we  go  from  the  «]uator  towards  dther 

SO.  The  length  of  a  degree  is  the  ttistance  between  tiro 
|JKe«  where  the  langenis  to  the  suiface  are  indined  to  one 
nutber  one  degree,  or  where  two  plumb' lines,  which  arc 
jwtpendicular  to  the  surface  of  standing  water,  will,  when 
pnxluccd  downwards;,  meet  one  another,  intercepting  an 
iDgie  of  one  degree.  The  surface  of  the  etill  ocean  is  there- 
fore  Iw*  incurvated  as  we  oTproach  the  poles,  or  it  requirett 
ilnttger  arch  to  have  the  luinic  curvature.  It  is  a  degree 
ofi  larger  circle,  and  has  u  longer  radius.  Persons  who 
dtf  not  consider  the  thing  attentively,  are  apt  to  imagine, 
tan  this,  that  the  eart)i  is  shaped  like  an  egg ;  because, 
ifnednw  from  its  centre  linfe  C  N  (Fig.  5.)  CO,  C  P. 
C%  tqaally  inclined  to  one  another,  the  arches  N  0,  O  P, 
PQ,  «^  gradually  increase  from  N  towards  Q.  If  these 
Ewtodte  angles  of  one  degree  with  one  another,  they  will 
Wtel  tbe  surface  in  points  that  are  farther  and  farther 
■aofa',  aod  the  degree  will  appear  to  increase  as  we  ap- 
pmA  the  points  E  and  Q,  which  wo  suppose,  at  present, 
tobethe  poles.  But  let  such  persons  reflect,  that  If  these 
faea  fiwn  the  centre  are  produced  beyond  the  surface, 
Aiy  dnoot  be  plumb  lines,  perpendicular  to  the  surface 
ofttuiUng  water.  But  if  an  ellipse  N  E  S  Q  (Fig.  5.)  be 
niiie  to  turn  round  its  shorter  axis  N  S,  it  will  generate 

I  Cgnrc  flatter  round  N  and  S  than  at  £  or  Q.  If  we  draw 
two  lines  a  D  and  b  B  perpendicular  to  the  curve  in  a  and 
b,  tad  exceedingly  near  one  another,  they  will  be  tangents 
to  ■  curve  A  B  D  F,  by  the  evolution  of  which  the  elliptic 
quidrant  E  o  N  is  described.  A  E  is  the  radius  of  curva- 
tun  of  the  etjuatoreal  degree  of  the  meridian  E  a  N.    N  F 

II  Ibe  rtdius  of  the  polar  degree,  and  a  D  is  the  radius  of 
aimhire  at  the  intermediate  latitude  of  a.  Sic.  All  these 
nifi  are  plumb  lines,  perpendicular  to  the  elliptical  curve 
•r  At  ocean. 

Theie  (dumb  dnes,  therefore,  do  not  mecl  in  the  centre 
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» 

of  the  earth,  as  i»  oommoiily  imaged,  but  meet  in  suooes- 
sion,  in  the  circumference  of  the  evolute  A  B  D  F.  The 
earth  is  not  a  prolate  spheroid  like  an  egg,  but  aa  dbkUe 
qpheroid,  like  a  turnip  or  bias  bowL 

31.  Si&ee  the  auA  of  diurnal  revolution  passes  through 
theoentre  of  the  earth,  it  marks  on  its  surface  two  pdntSy 
which  are  the  poles  of  the  earth.  These  are  in  the  extc^ 
mities  of  the  axis  of  the  terrestrial  sphevcNd;  In  like  maa- 
ner,  the  plane  ci  the  eelestial  e^ator,  pasang  tlm>ugh  the 
centre  of  the  earth,  divides  it  into  two  hemiqiiieres,  the 
northern  and  southern,  sq>arated  by  the  UrreHrud  equa- 
tor. Also,  the  hour  drdes^  pasung  threugh  the  earths 
centre,  mark  on  its  surface  the  terrestrial  mendian& 

32.  The  position  of  a  pUce  aa  the  surface  of  the  eartli 
is  determined  by  its  latitubx,  or  Stance  from  the  ter* 
restrial  equator,  and  its  longitude,  or  the  angular  dis- 
tance of  its  meridian,  from  some  noted  meridian. 

S8.  Astronomical  observations  are  made  from  a  point  on 
the  surface  of  the  earth,  but,  for  the  purposes  of  compu- 
tation, are  supposed  to  be  made  from  the  ceotre.  The 
angular  distance  between  the  observed  place  A  (Fig.  6L) 
of  a  phenomenon  S  in  the  heavens,  as  seen  from  a  place  D 
on  the  earth'^s  surface,  and  its  place  B,  as  viewed  from  the 
centre,  is  called  the  parallax  of  the  phenomenoOi 

34.  Besides  the  motion  of  diurnal  revolution,  common 
to  all  the  heavenly  bodies,  there  are  other  motions,  which 
are  peculiar  to  some  of  them,  and  are  observed  by  us  by 
means  of  thdr  change  of  phwe  in  the  starry  heavens. 
Thus,  while  the  starry  heavens  turn  round  the  Earth  from 
east  to  west  in  23^  56'  4",  the  San  turns  round  it  in  24^. 
He  must,  therefore,  change  his  place  to  the  eastward  in 
rtie  starry  heavens.  The  Moon  has  an  evident  motion 
eastward  among  the  stars,  moving  her  own  breadth  in 
about  an  hour.  There  are  five  stars  which  are  observed 
to  change  their  places  remarkably  in  the  heavens,  and  are 
therefore  called  planets,  or  wanderers ;  while  those  which 
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fc  not  change  their  relative  places  are  called  fixed  staks. 
IV  [danets  are,  Mercobt,  Venus,  Mars,  Jopiter,  and 
SiTinN.  To  these  we  must  now  add  the  planet  discover- 
ed in  1781  by  Dr  Herschcl,  which  he  called  the  Georgian 
timet,  in  honour  of  hia  sovereign  George  HI.  the  distiii- 
imhed  patron  of  astronomy.  Astronomers  on  the  continent 
itm  not  adopted  this  denomination,  and  seem  generally 
■peed  to  call  it  by  the  name  of  the  discoverer.  M.  Piazzi, 
ripAlertno,  Has  discovered  nnothcr,  and  M,  Olbers,  atBre- 
■eo,  a  tliird,  which  llicy  have  named  Ceres  and  Pallas.* 
jCooe  of  tile  three  are  visible  to  the  naked  eye. 

Si.  Planets  are  distinguishable  from  the  fixed  stars  by 
(he  Steadiness  of  their  li^t,  while  all  the  fixed  stars  arc 
flherred  lo  twinkle.  The  following  symbols  are  frequent- 
ly used  : 

For  the  Sun ©         For  Mars g 

the  Moon p  Jupiter 1( 

Mercury p  Saturn.. \j 

Venus ¥  Herschd  or  Uranus.. ..Hi 

the  Earth S 

The  motions  of  these  bodies  have  become  interesting  on 

nnoas  iu»:ounts.    In  order  to  acquire  a  knowledge  of  their 

more  easily,  it  is  convenient  to  abstract  our  atten- 

firoDi  tlie  diurnal  motion,  common  to  all,  and  attend 

■i^  Id  their  proper  motdoDs  among  tJie  fixed  stars, 

■v 

Of  the  proper  Moi'ums  of  the  Svn. 

-*  Ml  We  cannot  observe  the  motion  of  the  Sun  among 
4tfixcd  stars  immediately,  on  account  of  his  great  spjen- 
itoty  which   hinders  us  fvom  perceiving  the  stars  in  his 


k 


k  imnh,  called  Juno,  wm  afterwanlit  discorered  bf  M.  Harding 
"  a  fifth,  called  Vrita,  by  DrOlber*.  in  1807.  A  Ttry  Aill 
the  Four  New  PlaneL-i  will  be  founil  in  the  S(i|ipleniclit  lo 
JUOoaomy.  — Eti. 
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ndghbourhood.  But  we  can  observe  the  instant-  of  his 
coming  to  the  meridian,  and  his  meridional  altitude  (90.) 
The  Sun  must  be  in  that  pcdnt  of  the  heavens  which  passes 
the  meridian  at  that  instant,  and  with  that  altitude.  Or 
we  can  observe  the  point  of  the  heavens  which  comes  to 
the  meridian  at  midnight,  with  a  declination  as  far  on  one 
ade  of  the  equator  as  the  Sun^s  observed  declination  is  on 
the  other  side  of  it.  The  Sun  must  be  in  the  point  of  the 
heavens  which  is  diametrically  opposite  to  thi^  point.  By 
taking  either  of  these  methods,  but  particularly  the  first, 
we  can  ascertain  a  series  of  points  of  the  heavens  through 
which  the  Sun  passes.  These  are  found  to  be  in  the  dr- 
cumference  of  a  great  circle  of  the  sphere  A  S  V  W  (Fig. 
7.),  which  cuts  the  celestial  equator  in  two  opposite  points, 
A,  V,  and  is  inclined  to  it  at  an  angle  of  9S°  28'  nearly. 
This  circle,  or  Sun^s  path,  is  called  the  ecliptic. 

36.  In  consequence  of  the  obliquity  of  the  ecliptic,  the 
Sun^s  motion  in  it  is  accompanied  by  a  change  in  the  Sun^s 
declination  and  right  ascension,  by  a  change  in  the  length 
of  the  natural  day,  and  by  a  change  of  the  seasons.  There- 
fore, the  revolution  of  the  Sun  in  the  ecliptic  is  performed 
in  a  year. 

87.  The  points,  V,  A,  are  called  equinoctial  points  ; 
because,  when  the  sun  is  in  these  points,  his  circle  of  diur- 
nal  revolution  is  the  celestial  equator,  and  therefore  the  day 
and  night  are  equal  The  point  V,  through  which  he 
passes  in  the  month  of  March,  is  called  the  vernal  equi- 
nox, and  the  point  A  is  called  the  autumnal  equinox. 
The  points  S  and  W,  where  he  is  farthest  from  the  equa- 
tor, are  called  the  solstitial  points,  S  being  the  sum- 
mer, and  W  the  winter  solstice.  The  parallels  of  declina- 
tion passing  through  the  solstitial  points  are  called  tro- 
pics. 

88.  Right  ascension  is  always  computed  eastward  on  the 
equator,  from  the  vernal  equinox. 
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39.  The  ecliptic  passes  through  the  constellations 
Aries,  distinguished  by  the     Libra,  distinguished  by  the  ' 

symbol <r         symbol :^ 

Taurus »      Scorpio m 

Gemini n      Sagittarius f 

Cancer aa    Capricornus Vf 

Leo SI     Aquarius as 

Virgo Xtg     Pisces K 

These  constellations  are  called  the  signs  of  the  zodiac  ; 
and  a  motion  from  west  to  east  is  said  to  be  direct,  or  in 
CONSSQUENTIA  8IGNOBUM,  while  a  Contrary  motion  is  caUed 

EETEOGEADEy  IN  ANTECEDENTIA  SIGNORUM. 

40.  The  changes  of  the  seasons  were  attributed  by  the 
ancients  to  the  influence  of  the  stars  which  were  seen  in  the 
different  seasons  of  the  year. 

41.  The  portion  of  the  ecliptic  is  invariable,  and  a  com- 
plete revolution  is  performed  in  365  days,  6  hours,  9  mi- 
nutes, and  11  seconds. 

42.  If  successive  observations  be  made  of  the  Sunn's  cross- 
ing the  equator,  it  will  be  found  that  the  equinoctial  points 
are  not  fixed,  but  move  to  the  westward  about  50"  in  a 
year,  so  that  they  would  make  a  complete  revolution  in 
about  ^,973  years.     This  is  called  the  procession  of  the 

EQUINOXES. 

43.  Sir  Isaac  Newton  made  a  very  ingenious  and  impor- 
tant inference  from  this  astronomical  fact.  If  we  know  the 
situation  of  the  equinoctial  points  at  the  time  of  any  histo- 
rical event,  the  date  of  the  event  may  be  discovered.  He 
thinks  that  this  position,  at  the  time  of  the  Argonautic  ex- 
pediti(xi,  may  be  inferred  from  the  description  given  by 
Aratus  of  the  starry  heavens.  The  poet  describes  a  celes- 
tial sphere  by  which  Chiron,  one  of  the  heroes,  directed 
their  motions ;  and  from  this  he  deduces  data  for  a  chrono- 
logy of  the  heroic  or  fabulous  ages.  But,  since  the  equi- 
noctial points  shift  only  at  the  rate  of  a  degree  in  72  years, 
and  the  Greeks  were  so  ignorant,  for  ages  after  that  epoch. 
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that  tbey  did  not  know  that  the  positions  of  the  stars  were 
cfaangeaUe,  it  does  not  appear  that  much  reliance  can  be 
had  on  this  datum.  We  >  jinnot,  from  the  descripticm  by 
AratuS)  be  cert^  of  fiie  position  of  the  vernal  equinox 
within  five  or  nx  d^rees.  This  makes  a  difference  of  400 
years  in  the  epochs. 

44.  The  axis  of  diurnal  revolution  is  not  always  the 
same,  and  the  poles  of  the  heavens  describe  (in  25,973  years) 
a  drcle  round  the  poie  of  the  ecliptic,  distant  from  it  23^ 
28^  10"  nearly. 
45.  On  account  of  the  westerly  motion  of  the  equinoctial 
points,  the  return  of  the  seasons  must  be  accomplished  in 
less  time  than  that  of  the  Sun^s  revolution  round  the 
heavens.  The  seasons  return  after  an  interval  of  366"*  6^  48' 
45\  This  is  called  a  tropical  year,  to  distinguish  it  from 
the  int»*val  365*  6**  9'  11"  called  a  sydebeal  year. 

46.  Astronomers  have  chosen  to  refer  the  places  of  the 
heavenly  bodies  to  the  ecliptic,  on  account  of  its  stability, 
rather  than  to  the  equator.  For  this  purpose,  great  circles, 
such  as  FYpf  PAp  (Fig.  8.)  are  drawn  through  the 
poles  FjP^  of  the  ecliptic.  These  are  called  ecliptic  me- 
BiDiANs.  The  arch  AB  of  one  of  these  circles,  intercepted 
between  a  phenomenon  A  and  the  ecliptic,  is  called  the 
LATITUDE  of  the  phenomenon ;  and  the  arch  V  B,  inter- 
cepted between  the  point  V  of  the  vernal  equinox  and  the 
point  B,  is  called  the  longitude  of  the  phenomenon.  This 
is  sometimes  expressed  in  degrees  and  minutes,  and  some- 
times in  signs,  degrees,  and  minutes,  each  sign  consisting  of 
thirty  degrees. 

47.  The  motion  of  the  Sun  in  the  ecliptic  is  not  uniform. 
On  the  first  of  January  his  daily  motion  is  nearly  1^  1'  18". 
But  on  the  first  of  July,  his  daily  motion  is  5T  13".  The 
mean  daily  motion  is  59'  08" .  The  Sun's  place  in  the 
ecliptic,  calculated  on  the  supposition  of  a  daily  motion  of 
69'  08",  will  be  behind  his  observed  place,  from  the  be- 
ginning  of  January  to  the  beginning  of  July,  and  will  be 
before  it,  from  the  beginning  of  July  to  the  beginning  of 
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Jtaattj.  The  greatest  dtfTerence  is  about  lo  66'  82', 
fbdi  is  observed  about  the  IxiginDing  of  April  and  Octo- 
ber; It  which  limos,  the  obser  -rd  daily  motion  is  59'  08'. 
48.  This  tincqiiable  motion  ot  the  Sun  appeared  to  the 
oeiat  astronomers  to  require  some  explanation.  It  had 
bees  received  as  a  first  principle,  that  the  celestial  motions 
nre  of  the  most  perfect  kind — and  this  perfection  was 
thought  to  require  invariable  sameness.  Therefore  the 
Son  Bust  be  carried  uniformly  in  the  circumference  of  a 
figure  perfectly  uniform  in  every  part  He  must  therefore 
Don  nnifbnnly  in  the  circumference  of  a  circle.  The 
Mmumers  therefore  supposed  tliat  the  earth  is  not  in  the 
ccoUe  of  thb  circle.  Let  AbV  d  (Fig.  9.)  represent  the 
Son^iivtHt,  having  the  earth  in  E,  at  some  distance  from 
ikontre  C.  It  is  plain,  that  if  the  Sun's  motion  be  unj- 
Eonn  in  llie  circumference,  describing  every  day  59'  08", 
him^nlar  motion,  as  seen  from  the  earth,  must  be  slower 
»Jifli  lie  is  at  A,  his  greatest  distance,  than  when  nearest 
to  tbe  Guth,  al  P.  It  ia  also  evident  that  the  point  £  may 
ben  chosen,  that  an  arch  of  59*  08''  at  A  shall  subtend 
tniogleat  E  that  is  only  57'  13",  and  that  an  arch  of  59' 
OTalP  shall  subtend  an  angle  of  61' 13".  This  will  be 
Keomplishcd,  ifwcmakeEP  toEAasST  13"  lo  61' 18-, 
(« nearly  as  H  to  15.  Tliis  was  accordingly  done;  and 
lliit  method  of  solving  the  appearances  waa  called  the 
mntnc  kypoOieina.  EC  is  the  ecckhtkicity,  andPS! 
>»toPC  nearly  as  28  to  2!>. 

%  Hut  altliougli  this  hypothesis  agreed  very  well  with 
dmvation  in  those  ^(oints  of  the  orbit  where  the  Sun  is 
■Mt  remote  from  the  earth,  or  nearest  to  it,  it  was  iijund 
to  S^r  greatly  in  other  parts  of  the  orbit,  and  particularly 
■bout  half  way  between  A  and  P.  Astronomers,  after 
Oyiog  various  other  hypuUieses,  were  obhged  to  content 
ihouolves  with  reducing  tlie  eccentricity  considerably,  and 
J»  tu  suppose  tliat  the  angular  motion  of  59"  OS"  per  day 
ws  performed  round  a  jk)int  i  on  tlic  other  ^de  of  lUe 
Vou  III.  B 
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centre,  at  the  sapoe  distance  with  £.  This,  however,  was 
^ving  up  the  prindple  of  perfect  motion,  if  its  perfection 
consisted  in  uniformity ;  for,  in  this  case,  the  Sun  cannot 
have  an  uniform  motion  in  the  circumference,  and  also  an 
uniform  angular  motion  round  c.  Besides,  even  this  amend- 
ment of  the  eccentric  hypothesis  by  no  means  agreed  with 
the  observations  in  the  months  df  April  and  October ;  but 
they  could  not  make  it  any  better. 

50.  Astronomical  computations  are  made  on  the  suppo- 
sition of  uniform  angular  motion.  The  angle  proportional 
to  the  time  is  called  the  m£ak  motion,  and  the  place  thus 
computed  is  called  the  mean  place.  The  differences  be« 
tween  the  mean  places  and  the  observed,  or  true  places, 
are  called  equations.  They  are  always  greatest  when 
the  mean  and  true  motions  are  equal,  and  they  are  nothing 
when  the  mean  and  true  motions  differ  most.  For,  while 
the  true  dmly  angular  motion  is  less  than  the  mean  daily 
motion,  the  observed  place  falls  more  and  more  behind  the 
calculated  place  every  day ;  and  although,  by  gradually 
quickening,  it  loses  less  every  day,  it  still  loses,  and  falls 
still  more  behind ;  and  when  the  true  daily  motion  has  at 
last  become  equal  to  the  mean,  it  loses  no  more  indeed,  but 
it  IS  now  the  farthest  behind  that  can  be.  Next  day  it  gains 
a  Uttle  of  the  lost  ground,  but  is  still  behind.  Gaining 
more  and  more  every  day,  by  its  increase  of  angular  mo- 
tion, it  at  last  comes  up  with  the  calculated  place ;  but  now, 
its  angular  motion  is  the  greatest  possible,  and  differs  most 
from  the  equable  mean  motion. 

51.  These  computations  are  begun  from  that  point  of 
the  orbit  where  the  motion  is  slowest,  and  the  mean  angular 
distance  from  this  point  is  called  the  mean  anomaly.  A 
table  is  made  of  the  equations  corresponding  to  each  degree 
of  the  mean  anomaly.  The  true  anomaly  is  found  by  add- 
ing to,  or  subtracting  from  the  computed  mean  anomaly, 
the  equations  corresponding  to  it. 
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In  this  manner  may  the  Sun's  longilucL?,  or  pL-u-c  in  the 
cdiptic,  be  found  for  any  tunp. 

52.  Id  cunseqiicnce  of  the  obliquity  of  the  ecliptic,  and 
die  Son's  unequal  motion  in  it,  tlie  natural  days,  or  the  In- 
lerval  bclwcen  two  successive  passages  of  llie  Sun  over  the 
nKtidian,  are  unequal;  and  if  a  clock,  wliich  measures 
3S6d  S"  4*  50"  in  a  tropical  year,  be  compared  from  day  to 
day  «ith  an  exact  sun  dial,  they  will  be  found  to  differ,  and 
vittagrce  only  four  times  in  the  year.  This  difference  is 
olleil  the  EQUATION  of  TiuE,  and  sometimes  unountg  to 
IfioBiKitcg.  The  time  shewn  by  the  clock  is  called  mean 
sAAiTTiie,  and  that  shewn  by  the  dial  is  called  Tbue 

tntEasd  APFAKEKT  TIUE. 

58.  The  change  in  the  Sun's  motion  is  accompanied  by  , 
adnnge  in  his  apparent  diameter,  which,  at  the  be^n- 
uBg  of  January,  is  about  32'  39",  and  at  the  beginning  of 
July  is  about  31' 31",  5'^  less.  This  must  be  ascribed  to 
■  duogenf  distance,  wbich  must  always  be  supposed  in- 
VRn);  proportional  to  the  apparent  diameter, 

H  By  combining  ilie  observations  of  the  sun's  place  in 
ibc  (Coptic  with  those  of  his  distance,  inferred  from  the 
qqttrent  diameter,  and  by  other  more  decisive,  but  less 
(inmu  observations,  Kepler,  a  German  astronomer,  found 
tint  his  apparent  path  roimd  the  earth  is  an  ellipse,  hav- 
ing the  eartl]  in  one  tbcus,  and  having  the  l(Higer  axis  to 
iWAorteraxis  as  200,000  to  199,972. 

The  extremities  A  and  P  of  the  longer  axis  of  the  sun's 
firiilABrC  (Fig.  9)  are  called  the  apsides.  The 
point  A,  where  the  sun  is  fartliest  from  the  earlli  (placed 
in  £).  u  called  the  liigher  apsis,  or  apogee.  P  is  the  low- 
er ipns,  or  rEBicEE.  The  distance  EC  between  the  (6. 
fHSudremre  is  called  the  eccentricity,  and  is  16S0 
pWsofascflle,  of  which  the  mean  diKtance  E  D  is  100,000- 

SS.  Kepler  obiervcd,  that  the  sun's  angular  motion  in 
ifcb  oriiit  WHS  inversely  proportional  lo  the  stpare  of  hia 
^isUni'c  from   the  carlh ;  for  he  obst-rved  the  sun's  daily 
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change  of  place  to  be  as  the  iquare  of  his  apparent  diame- 
ter. Hence,  he  inferred  that  the  radius  vector  E  B  des- 
cribed areas  proportional  to  the  times. 

66.  From  this  he  deduced  a  method  of  calculating  the 
sun^s  place  for  any  g^ven  time.  Draw  a  line  £  F  'from  the 
focus  of  the  ellipse,  which  shall  cut  off  a  sector  A  E  F, 
having  the  same  proportion  to  the  whole  surface  of  the 
ellipse,  which  the  interval  of  time  between  the  sun's  last 
passage  through  his  apogee,  and  the  time  for  which  the  com- 
putation is  made,  has  to  a  sydereal  year;  F  will  be  the  sim^s 
true  place  for  that  time.    This  is  called  kefler^s  fkoblbm. 

This  problem,  the  most  interesting  to  astronomers,  has 
not  yet  been  solved  otherwise  than  by  approximation,  or  by 
geometrical  constructions  which  do  not  admit  of  accurate 
computation; 

S7.  Let  A  B  P  D  (Fig.  9)  be  the  elliptical  orbit,  having 
the  earth  in  the  focus  £.  A  and  P,  the  extremities  of  the 
transverse  axis,  are  the  apogee  and  perogee  of  the  revolving 
body.  B  D  is  the  conjugate  axis,  and  C  the  centre.  It  is 
required  to  draw  a  line  £  T  which  shall  cut  off  a  sector 
A  E  T,  which  has  to  the  whole  ellipse  the  proportion  of  m 
to  n ;  m  being  taken  to  n  in  the  proportion  of  the  time 
eliqpsed  since  the  body  was  in  A  to  the  time  of  a  complete 
revolution. 

Kepler,  who  was  an  excellent  geometer,  saw  that  tliis 
would  be  effected,  if  he  could  draw  a  line  E  I,  which 
should  cut  off  from  the  circumscribed  circle  A  bF  d  the 
area  A  E  I,  which  is  to  the  whole  cirdc  in  tlie  same  pro- 
portion of  m  to  n.  For,  then,  drawing  the  perpendicular 
ordinate  I  R,  cutting  the  ellipse  in  T,  he  knew  that  the 
area  A  £  T  has  the  same  proportion  to  the  ellipse  that 
A  E  I  has  to  the  circle.  The  proof  of  this  is  easy,  and  it 
seems  greatly  to  simplify  the  problem;  Draw  I C  through 
the  centre,  and  make  E  S  perpendicular  to  I C  S.  The 
area  A  £  I  consists  of  the  circular  sector  A  C  I,  and  the 
triangle  C I  E.      The  sector  is  equal  to  half  the  rectangle 
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of  tlic  radius  C  I  and  the  arch  A  I,  that  is,  to ' 

The  triangle  C  I  E  is  equal  to  — —^ 'or 

ThocTare  it  is  evident  that,  if  wc  make  the  arch  I  M 
equal  to  ,Uie  straight  line  E  S,  the  seclar  A  C  M  will  bo 
equal  to  the  circular  ai-ca  A  C  I,  and  the  angle  A  C  M  will 
be  to  SSi)  degrees,  as  m  to  n. 

58,  Hence  vc  sec,  that  it  will  be  vnsy  to  find  the  time 
what  ihe  ri;volviag  body  is  in  any  point  T.  To  find  tliis, 
draw  the  ordinate  R  T  I ;  draw  I  C  S  and  E  S,  and  make 
IM  =  E  S.  Then,  3(iO"  is  to  tJie  areh  A  M  as  the  tinic 
dTarn'ohition  to  the  time  in  which  the  body  moves  over 
AT-  This  is  (in  the  astronomical  language)  finding  the 
nxao  aaomaly  when  die  true  anomaly  is  given.  The  on^e  i 
&CM,  itroportionol  to  the  time,  is  called  the  meam  amo- 
iuiT,and  the  angle  AE  I  is  the  larK  amomalt.  The  , 
taf^  A  C  I  is  called  the  anomaly  of  tue  eccentbic,  <^  I 

tbeiCCEKTRIC   ANOMALY. 

■£8.  But  the  astronomer  wants  the  true  anomaly  correfr   < 
.padug  to  a  given  mean  anomaly.    The  process  here  given 
aUDDtbc  reversed.     We  cannot  icll  how  much  to  cut  off    , 
fiUn  the  given  mean  anomaly  A  M,  so  as  to  leave  A  I  of  a 
[icjer  magnitude,   because  the  indispensable  measure  of  1 
MI,  namely  ES,   cannot  be  had  till  ICS  be  drawn. 
Kepler  saw  iliis,  and  said  that  his  problem  could  not  be   | 
>dved  geometrically.    Since  the  invention  of  fluxions,  how« 
mr,  and  of  converging  seriescs,  very  accurate  solutions  1 
bin  been  obtained.     That  given  by  FrUtut  in  his  Cos- 
tagrofhia  is  the  some  in  principle  with  all  the  most  s^^  \ 
poYed  methods,  and  the  form  in  which  it  is  presented  is 
jxculiarly  simple  and  neat.     But,  except  for  the  conatntc- 
im  of  original  tables,  these  methods  are  rarely  employcdt-^  i 
■a  jccQUBt  of  the  laborious  calculation  which  they  require .  i 
Of  all  the  direct  approximate  solutions,  that  given  by  Dr'  | 
^  Mttlliew  Stewart  at  the  end  of  hl-i  Tradt,  Physical  and 
,1  M^imaikti/,  pubnji&i  in  1701,  si;cnj5  the  uio&t  accurate 
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will  difTcr  from  the  primitive  A  M.  Therefore,  make  name 
small  change  on  A  I,  and  again  compute  A  M.  This  will 
probably  be  again  erroneous.  Then  apply  the  rule  of 
&Ise  position  as  usual.  The  error  remaining  ailer  the  first 
step  of  Dr  Stewart'^s  process  is  always  so  moderate,  that  the 
variations  of  A  M  are  very  nearly  proportional  to  the  vari- 
ations of  A I ;  so  that  two  steps  of  the  rule  will  generally 
bring  the  calculation  within  two  or  three  seconds  of  the 
truth.  The  astronomical  student  will  find  many  beautiful 
and  important  propositions  in  these  mathematical  tracts. 
The  proposition  just  now  employed  is  in  page  398,  &c. 

61.  Astronomers  have  discovered,  that  the  line  A  P 
moves  slowly  round  £  to  the  eastward,  changing  its,  place 
about  26'  66"  in  a  century.  This  makes  the  time  of  a 
complete  revolution  in  the  orbit  to  be  365^^  G*^  15'  20".  This 
time  is  called  the  anomalistic  year. 

Of  the  proper  Motions  of  the  Moon. 

62.  Of  all  the  celestial  motions,  the  most  obvious  are 
those  of  the  Moon.  We  see  her  shifl  her  situation  among 
the  stars  about  her  own  breadth  to  the  eastward  in  an  hour, 
and  in  somewhat  less  than  a  month  she  makes  a  complete 
tour  of  the  heavens.  The  gentle  beauty  of  her  appear- 
ance during  the  quiet  hours  of  a  serene  night,  has  attract- 
ed the  notice,  and  we  may  say  the  affections  of  all  man- 
kind ;  and  she  is  justly  styled  the  Queen  of  Heaven.  The 
remarkable  and  distinct  changes  of  her  appearance  have  af- 
forded to  all  simple  nations  a  most  convenient  index  and 
measure  of  time,  both  for  recording  past  events,  and  for 
making  any  future  appointments  for  business.  Accord- 
ingly, we  find,  in  tlie  first  histories  of  all  nations,  that  the 
lunar  motions  were  the  first  studied,  and,  in  some  degree, 
understood.  It  seems  to  have  been  in  subserviency  to  this 
study  alone  that  the  other  appearances  of  the  starry  heavens 
were  attended  to ;  and  the  relative  positions  of  the  stars 
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to  have  interested  us,  merely  ns  the  means  of  asccr- 
Bimng  the  motions  of  the  Moon.  For  we  find  all  the  zo- 
(^  of  the  ancient  oncntal  oatiuns  divided,  not  into  13 
pjual  jwrljons,  corresponding  to  the  Sun's  progress  during 
ibc  period  of  seasons,  but  into  27  parts,  corresponding  to 
the  Moon's  daily  progress,  and  these  arc  expressly  called 
the  BocBEs  or  mansions  of  the  Moon.  This  is  the  distribu- 
uon  of  tile  zodiat  of  tlie  ancient  Hindoo.",  the  Persians,  the 
Chinese,  and  even  tlie  Chaldeans.  Some  have  no  divi- 
flon  into  1 S,  and  those  who  liave,  do  not  give  names  to  13 
gnmpi  of  stars,  but  to  ^7.  They  first  describe  the  situa- 
ligO  of  a  planet  ui  one  of  these  mansions  by  name,  noting 
itidiatuice  from  some  stars  in  that  group,  and  thence  infer 
io  what  part  of  which  tweltUi  of  tlie  circumference  it  is 
(liced.  The  division  into  12  parts  is  merely  mathematical, 
fir  the  purpose  of  calculation.  In  all  probability,  tliere- 
fin^thb  was  an  after-thought,  the  contrivance  of  a  mure 
cuMnied  age,  well  acquainted  wJth  the  heavens  as  an  ob- 
jKlof  agbt,  and  beginning  to  extend  the  attention  to  spe- 
cukdons  beyond  the  first  conveniences  of  life. 

W.  When  the  Moon's  path  through  this  series  of  mon- 
ioos  ig  carefully  observed,  it  is  found  to  be  (very  nearly)  a 
great  drcle  of  the  heavens,  and  tJierefore  in  a  plane  pas^ng 
llmugb  the  centre  of  the  earth. 

6i.  She  makes  a  complete  revolution  of  the  heavens  in 
2?  7*  48'  12",  but  with  some  variations.  Her  mean  daily 
motigii  is  therefore  13"  Itr  25",  and  her  horary  motion  is 
3?  56'. 

6&  Her  orbit  is  inclined  to  the  plane  of  the  ecliptic  in 
n  u^  of  5°  S'  45 ",  nearly,  cutting  it  in  two  punts 
(dkd  her  nodes,  diametrically  opposite  to  each  other;  and 
oil  node  througli  which  she  passes  in  coming  from  the 
wulh  to  the  north  side  of  the  ecliptic,  is  called  the  ascend- 
U&  SODK. 

W.  The  nodes  have  a  motion  which  is  generally  west- 
wdfbut  with  considerable  irregularities,  making  a  com- 
M'Kvoiuaou  in  aboiii  6803^  2'-  55'  18",  nearly  \b^  ycaw. 
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67.  If  we  mark  on  a  celestial  globe  a  series  of  points 
where  thelVfoon  was  observed  during  three  or  four  revolu- 
tions, and  then  lap  a  tape  round  the  globe,  covering  those 
pcHnts,  we  shall  see  that  the  tape  crosses  the  ecliptic  more 
westerly  every  turn,  and  then  crosses  the  last  round  very 
obliquely ;  and  we  sec  that  by  continuing  this  operation, 
we  shall  completely  cover  with  the  tape  a  zone  of  the 
heavens,  about  ten  or  eleven  degrees  broad,  having  the 
ecliptic  running  along  its  middle. 

68.  The  Moon  moves  unequally  in  this  orbit,  her  hourly 
motion  increasing  from  29'  34"  to  36'  4S'',  and  the  equa- 
tion of  the  orbit  sometimes  amounts  to  6^  18'  3S" ;  so  that 
if,  setting  out  from  the  point  where  her  horary  motion  is 
slowest,  we  calculate  her  place,  for  the  dghth  day  there- 
after, at  the  rate  of  32/  56"  per  hour,  we  shall  find  her  ob- 
served place  short  of  our  calculation  more  than  half  a  day's 
motion.  And  we  should  have  found  her  as  much  before  it, 
had  we  begun  our  calculation  from  the  opposite  point  of  her 
orbit. 

69.  Her  apparent  diameter  changes  from  29'  26"  to 
38'  47",  and  therefore  her  distance  from  the  Earth  changes. 
This  distance  may  be  discovered  in  miles  by  means  of  her 
parallax. 

She  was  observed,  in  her  passage  over  the  meridian,  by 
two  astronomers,  one  of  whom  was  at  Berlin,  and  the  other 
at  tiie  Cape  of  Good  Hope.  These  two  places  are  distant 
from  one  another  above  6000  miles ;  so  that  the  observer 
at  Berlin  saw  the  Moon  every  day  considerably  more  to 
the  south  than  the  person  at  the  Cape.  This  difference  of 
apparent  declination  is  the  measure  of  the  angle  DSC 
(Fig.  6.)  subtended  at  the  Moon  by  the  line  c  D  of  6443 
miles,  between  the  observers.  The  angles  S  D  c  and  S  c  D 
are  given  by  means  of  the  Mootfs  observed  altitudes. 
Therefore  any  of  the  sides  S  D  or  Sc  may  be  computed. 
It  is  found  to  be  nearly  60  semidiameters  of  the  earth. 

70.  By  combining  the  observations  of  the  Moon^s  place 
in  the  heavens  with  those  of  her  apparent  diameter,  we  dis- 


PAKALLJU.  il 

ttna  that  Ikt  orbit  is  nearly  sn  ellipse,  liaviiig  tlic  EbtiIi 
in  me  focue,  and  having  the  longer  axis  to  the  shorter  axis 
narljoaSl  to  80.  The  greatest  and  least  distances  ore 
axij  ID  the  proportion  of  31  to  19. 

71.  Her  motion  in  this  ellipse  is  such,  that  the  line  jmn- 
mfHit  Earth  and  Moon  describes  areas  which  are  nearly 
pn^rational  to  the  times.  For  her  angular  hourly  motion 
ii  observed  to  be  as  the  square  of  her  apparent  diameter. 

73.  The  hnc  of  the  ap§ides  has  a  slotr  motion  eastward, 
en^detiiig  a  revolution  in  about  3£3S''  11"  14 '30",  nearly 
Sjcara. 

73.  While  the  Moon  is  thus  making  a  revolution  round 
dw  beavens,  her  appearance  undergoes  great  changes.  She 
iimnelimes  on  our  meridian  at  midnight,  and,  therefore, 
lalhl  part  of  the  heavens  which  is  opposite  to  tlie  Sun. 
laddintuation,  she  is  a  complete  luminous  circle,  and  is 
aid  CO  be  FULL.  As  she  moves  eastward,  she  becomes  do- 
ficKslon  tile  west  side,  and,  after  about  7^  days,  comes  to 
the  neridiau  about  six  in  the  morning,  having  the  appear- 
neerfs  semicircle,  with  the  convex  side  next  the  Sun. 
Id  thii  state,  her  appearance  is  called  half  moos.  Mov- 
^■titl  eastward,  she  becomes  more  deficient  on  the  west 
dde^flsd  has  now  the  form  of  a  crescent,  with  the  convex 
4fc  turned  towards  the  Sun.  This  crescent  becomes  con- 
iBidiy  Buire  slender,  till,  about  14  days  after  being  full, 
she  is  so  near  the  Sun,  that  she  cannot  be  seen  on  account 
of  liit  great  splendour.  About  four  days  after  this  disap- 
fi*ntux  in  the  morning  before  simrise,  she  is  seen  in  llic 
(VBDiig,  a  little  to  the  eastward  of  the  Sun,  in  the  form  of 
■  ficw  crescent,  with  the  convex  ade  tunied  towards  (he 
fi«L  Moving  still  to  the  eastward,  the  crescent  becomes 
■»  ftdl ;  and  when  the  Moon  comes  to  the  meridian 
•boat  Hx  in  the  evcnuig,  she  has  again  the  appearance  of 
ik^tsemicin-le.     Advancing  still  to  the  eastward,  .she 

£  fuller  on  the  cast  side,  and  at  last,  after  about  29i 
:  is  again  opposite  to  the  Sun,  and  agaiii  tull. 
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74.  It  frequently  happens,  that  the  Moon  is  sclipsko 
when  full ;  and  that  the  Sun  is  eclipsed  some  time  between 
the  disappearance  of  the  Moon  in  the  morning  on  the  west 
sdde  of  the  Sun,  and  her  reappearance  in  the  evening  on 
the  east  ^e  of  the  Sun.  This  cdipse  of  the  Sim  happens 
at  the  very  time  that  the  Moon,  in  the  course  of  her  revo- 
lution, passes  that  part  of  the  heavens  where  the  Sun  is. 

75.  From  these  observations  we  conclude,  1.  That  the 
Moon  is  an  opaque  body,  visible  only  by  means  a£  the 
Sun^s  light  illuminating  her  surface ;  S.  That  her  orbit 
round  the  Earth  is  nearer  than  the  Sun'^s. 

76.  From  these  principles  all  her  phases,  or  appear- 
ances, may  be  explained  (Fig.  10.) 

77.  When  the  Moon  comes  to  the  meridian  at  mid-day, 
she  is  said  to  be  new,  and  to  be  in  conjunction  with  the 
Sun.  When  she  comes  to  the  meridian  at  midnight,  she 
is  said  to  be  in  opposition.  The  line  joining  these  two 
situations  is  called  tlie  line  of  the  syzigies.  The  points 
where  she  is  lialf-illuminatcd  are  called  the  quadeatubes  ; 
and  that  is  called  the  first  (|uadrature  which  happens  after 
new  Moon. 

78.  When  the  Moon  is  half  illuminated,  the  line  E  M 
(Fig.  10.)  joining  the  Earth  and  Moon,  is  perpcndicidar  to 
the  line  M  S,  joining  the  Moon  and  Sun.  By  observing 
the  angle  S  £  M,  the  proportion  of  Uic  distance  of  the  Sun 
to  the  distance  of  the  Moon  may  be  ascert^ned. 

This  method  of  ascertaining  the  Sun'^s  distance  was  pro- 
posed by  Aristarchus  of  Samos,  about  S64  years  before  the 
Christian  era.  The  thought  was  extremely  ingenious,  and 
stricUy  just ;  and  this  was  the  first  observation  that  gave 
the  astronomers  any  confident  guess  at  die  very  great  dis- 
tance of  the  Sun.  But  it  is  impossible  to  judge  of  the  half- 
illumination  of  the  Moon'*s  disk  with  sufiicient  accuracy  for 
obtaining  any  tolerable  measure.  Even  now,  when  assisted 
by  telescopes,  we  cannot  tell  to  a  few  minutes  when  the 
boundary  between  light  and  darkness  in  the  Moon  is  ex- 
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aedy  a  rtraigfat  Une.  When  this  really  happens,  the  elon- 
gtfion  S  E  M  "wants  but  9*  of  a  right  angle*  and  when  it  is 
akogether  a  right  angle,  there  is  no  sensible  change  in  the 
9ffe$aniDce  of  the  Moon.  All  that  the  ancient  astronomers 
could  infer,  from  the  best  estimation  of  the  bisection  of  the 
Moon,  was,  that  the  Sun  was,  for  certain,  at  a  much  gpreat- 
er  disUmoe  than  any  person  had  supposed  before  that  time. 
Aristaidius  said,  that  the  angle  S  E  M  was  not  less  than 
87  degrees,  and  therefore  the  Sun  was  at  least  twenty  times 
finlher  off  than  the  Moon.  But  astronomers  of  the  Alex* 
andrian  school  said,  that  the  angle  S  E  M  exceeded  89", 
md  the  Sun  was  sixty  times  more  remote  than  the  Moon. 
Modem  observations  shew  him  to  be  near  four  hundred 
times  more  remote. 

79.  This  suggestion  of  phases  is  completed  in  a  period 
of  89*  1?^  44^  3",  called  a  synodic  al  month  and  a  luna« 
Tioir. 

It  may  be  asked  here,  how  the  period  of  a  lunation 
comes  to  differ  from  that  of  the  Moon'^s  revolution  round 
the  Earth,  which  is  accomplished  in  27*  7^  43'  12"  ?  This 
B  owing  to  the  Sun'^s  change  of  place  during  a  revolution 
of  the  Moon.  Suppose  it  new  Moon,  and  therefore  the 
Smi  and  Moon  appearing  in  the  same  place  of  the  heavens. 
At  the  end  of  the  lunar  period,  the  Moon  is  again  in  that 
point  of  the  heavens.  But  the  Sun,  in  the  mean  time, 
has  advanced  above  27  degrees ;  and  somewhat  more  than 
two  days  must  elapse  before  the  Moon  can  overtake  the 
Sun,  so  as  to  be  seen  by  us  as  new  Moon. 

80.  The  period  of  this  succesaon  of  phases  may  be 
foand  within  a  few  hours  of  the  truth  in  a  very  short  time. 
We  can  tell,  within  four  or  five  hours,  the  time  of  the 
Moon  being  half-illuminated.  Suppose  this  observed  in 
the  morning  of  her  last  quarter.  We  shall  see  this  twice 
repeated  in  69  days,  which  gives  29*  12**  for  a  lunation, 
wanting  about  three-fourths  of  an  hour  of  the  truth. 
About  433  years  before  the  Christian  era,  Mcton,  a  Greek 
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astroDCMner,  reported  to  the  states  assemUed  at  the  Olym- 
pic games,  that  in  nineteen  years  there  hiqvpened  exactly 
235  lunations. 

81.  The  lunar  motions  are  subject  to  several  irregularU 
ties,  of  which  the  foUowing  are  the  chief: 

SSL  1.  The  periodic  month  is  greater  when  the  Sun  is 
in  perigee  than  when  in  apogee,  the  greatest  diffetenoa 
being  about  S4  minutes.    Tycho  Brahe  first  remarked 

« 

this  anomaly  of  the  lunar  motions,  and  called  the  correc- 
tion (depending  on  the  Sun^s  place  in  his  orbit)  the  ak- 
VITAL  BQUATioii  of  the  Moon. 

83.  S.  The  mean  period  is  less  than  it  was  in  andent 
times. 

84>.  8.  The  orbit  is  larger  when  the  Sun  is  in  per^;ee 
than  when  he  is  in  apogee. 

85.  4.  The  orbit  is  more  eccentric  when  the  Sun  is  in 
the  line  of  the  lunar  apsides ;  and  the  equation  of  the  or* 
bit  is  then  increased  nearly  1^  29  84'.  This  change  is 
called  the  etectiok.     It  was  discovered  by  Ptolemy. 

86.  5.  The  inclination  of  the  orlnt  changes. 

87.  6.  The  Moon''s  motion  is  retarded  in  the  first  and 
third  quarters,  and  accelerated  in  the  second  and  last 
This  anomaly  was  discovered  by  Tycho  Brah^  who  calk 
it  the  VAaiATiON. 

88.  7.  The  motion  of  the  nodes  is  very  unequal 

Of  the  Kalendar. 

89.  Astronomy,  like  aU  other  sciences,  was  first  practised 
as  an  art.  The  chief  object  of  this  art  was  to  know  the 
seasons,  which,  as  we  have  seen,  depend  either  immediate* 
ly,  or  more  remotely,  on  the  Sun's  motion  in  the  ecliptic 
A  ready  metliod  for  knowing  the  season  seems,  in  all  ages, 
to  have  been  the  chief  incitement  to  the  study  of  astrono- 
my. This  must  direct  the  labours  of  the  field,  the  migra- 
tions of  the  shepherd,  and  the  joumies  of  the  traveller. 
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ItiieqiHU;  oeccmry  for  appoiDting  rU  public  mectingB* 
mi  iot  recording  eveita. 

Were  the  stara  visible  in  the  day-time,  it  would  be  easy 
to  mark  all  the  portions  of  the  year  by  the  Sun's  ptaoo 
noag  them.  When  he  is  on  the  foot  of  Castor,  it  is  mid- 
■nans ;  and  midtnnter,  wlten  he  is  on  the  bov  of  Sagit* 
tabu.  But  this  cannot  be  done,  because  hia  splendour 
dipM  them  all. 

90l  The  best  ap[m»uinalJOQ  which  a  rude  people  can 
■ifce  Id  this*  is  to  maA  the  days  iu  which  the  stars  of  the 
ndbe  cnne  first  in  ught  in  the  morning,  in  the  caatem 
boMB,  immediately  before  the  Sun  rise.  As  hegrtda* 
t&j  tnrels  eastward  along  the  ecliptic,  the  brighmMlui 
I  vUch  nae  about  three  quarters  of  an  hour  before  the  mini 
'  w^  be  seal  in  succesnon.  The  husbandmao  and  tho 
Aifkid  were  thus  warned  of  the  succeetUng  tasks  by  the 
iffimmt*  of  certain  stars  before  the  Sun.  Thus,  in 
Egyftt  the  day  was  proclaimed  is  which  the  Dogstar  wa> 
fcs  Ken  by  those  set  to  watch.  The  inhabitants  imme^ 
£asdj  fa^ao  to  gather  heme  their  wonderii^  flocks  and 
hod^  ^hI  prepare  themselves  for  the  inundation  of  the 
3iie  in  tvdre  or  fourteen  days.  Hence  that  star  was 
«ded  Ae  tTatch-dog,  Thotb,  the  Guardan  t^EgypL 

This  was  therefOTe  a  natural  oonuaeacement  of  the  pe> 
liaj  at  waosii  in  Egypt ;  and  the  interval  between  tba 
■BBHve  ^jpuitioos  of  Thotb,  has  been  called  the  vatc- 
tii  year  of  that  country,  to  distinguish  it  fnnn  the  civil 
V  abfidal  year,  by  whkh  all  records  were  kepL,  but 
iMA  had  bttle  or  no  alliance  with  the  scasoos.  It  hai 
d*  ka  caBcd  the  Camailar  year.  It  evdcatly  depends  ' 
■  Ae  S^'s  staatiDn  and  1^1^l^^w1^  from  the  Dog-star,  and 
■K  iWrrfiwu  have  the  same  period  with  the  Sun's  i»- 
^kmim,  htmm  a  star  to  the  same  star  again.  This  raiuin* 
WfV  9  11 ',  and  diien  fram  our  period  of  aiamiMi 
H^»  we  anst  cmchMle,  that  the  ftmg  of  the  Dof^ttr 
•■K  ■Bsa&fiblc  pm^eof  tiw  inundation,  botwiB  be 
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found  faulty  after  a  long  course  of  ages.    At  present  it 
happens  about  the  12th  or  11th  of  July. 

This  observation  of  a  starts  first  appearance  in  the  year, 
by  getting  out  of  the  dazzling  blaze  of  the  Sun,  is  called 
the  heliacal  rising  of  the  star.  The  andent  almanacks  for 
directing  the  rural  labours  were  obliged  to  ^ve  the  detail  of 
these  in  succesaon,  and  of  the  corresponding  labours.  He- 
siod,  the  oldest  poet  of  the  Greeks,  has  given  a  very  minute 
detail  of  those  heliacal  risings,  ornamented  by  a  pleanng  de- 
scriptbn  of  the  sucoestt  ve  occupations  of  rural  life.  Tlus  evi- 
dently required  a  very  considerable  knowledge  of  the  star- 
ry  heavens,  and  of  the  chief  circumstances  of  diurnal  mo- 
tioajMid  particularly  the  number  of  days  intervening  be- 
tween the  first  ^pearance  of  the  difierent  constellationa. 

Such  an  almanack,  however,  cannot  be  expected,  except 
among  a  somewhat  cultivated  people,  as  it  requires  a  Icmg 
continued  observation  of  the  revolution  of  the  heavens  in 
order  to  form  it ;  and  it  must,  even  among  such  people,  be 
uncertain.  Cloudy,  or  even  hazy  weather,  may  prevent 
us  for  a  fortnight  from  seeing  the  stars  we  want. 

91.  The  Moon  comes  most  opportunely  to  the  aid  of 
simple  nations,  for  giving  the  inhabitants  an  easy  diviaon 
and  measure  of  time.  The  changes  in  her  appearance  are 
so  remarkable,  and  so  distinct,  that  tliey  cannot  be  con- 
founded. Accordingly,  we  find  that  all  nations  have  made 
use  of  the  lunar  phases  to  reckon  by,  and  for  appointing  all 
public  meetings.  The  festivals  and  sacred  ceremonies  of 
umple  nations  were  not  all  dictated  by  superstition ;  but 
they  served  to  fix  those  divisions  of  time  in  the  memory, 
'  and  thus  gave  a  comprehensive  notion  of  the  year.  All 
these  festivals  were  celebrated  at  particular  phases  of  the 
Moon-— generally  at  new  and  full  Moon.  Men  were  ap- 
pointed to  watch  her  first  appearance  in  the  evening,  after 
having  been  seen  in  the  morning,  rising  a  few  minutes 
before  the  Sun.  This  was  done  in  consecrated  groves, 
and  in  high  places;  and  her  appearance  was  jprocfaimcfi 

5 


THE  AKCIEMT  KALENDAItS. 


33 


faiUjeea  days  after,  the  festival  was  generally  liL'tcl  durinff 
JiiBMoon.  Heitce  it  is  that  the  first  day  of  a  iloman 
ncmth  was  named  kalexd^  the  day  to  be  proclaimed. 
They  said  pridk,  tertio,  qtiarto.  See.  anU  caJctulas  neome- 
niatMartias;  the  third,  fourth,  &c.  before  proclaiming 
the  new  Afoon  of  March.  And  the  assemblage  of  months, 
with  the  arrangement  of  all  the  festivals  and  sacrifices,  waa 
oUeda  kalendakium. 

At  superstition  overran  all  rude  nations,  no  meeting 
MM  hetd  without  sacnliws  and  other  religious  ceremonies 
^K  watching  and  proclaiming  was  naturally  committed 
b)  the  priests — the  kalendar  became  a  sacred  thing,  con- 
nected with  the  worship  of  the  gods^-and,  long  before  any 
naJmte  knowledge  of  the  celestial  motions  had  been  ac- 
qpnd)  every  day  of  every  Moon  had  its  particular  sancti- 
^  Bid  its  appropriated  ceremonies,  which  could  not  be 
tnuTmcd  to  any  other. 

99.  But  as  yet  there  seemed  no  precise  distindion  of 
momiii,  nor  of  what  number  of  months  should  be  assem* 
hlod  bto  one  group.  Most  nations  seem  to  have  observed 
tint,  after  18  Moons  were  completed,  the  season  was  pretty 
much  the  same  as  at  the  beginning.  This  was  probably 
thoo^t  exact  enough.  Accordingly,  in  most  ancient  na- 
tiwu,  we  find  a  year  of  364  days.  But  a  few  returns  of 
the  winter's  cold,  when  they  expected  heat,  would  shew 
Ihit  this  conjecture  was  far  from  being  correct ;  and  now 
bfjui  the  embarrassment  There  was  no  difficulty  in  de- 
'wmining  tlie  period  of  the  seasons  exactly  enough,  by 
owns  of  very  obvious  observations.  Almost  any  cottager 
bu  observed  that,  on  the  approach  of  winter,  the  Sun  rises 
niMe  to  the  right  hand,  and  sets  more  to  the  left  every  day, 
t^plscea  of  his  rising  and  setting  coming  continually  nearer 
Id  etdi  other ;  and  that,  atW  riang  for  two  or  three  days 
fiw  behind  the  same  object,  the  places  of  rising  and  set- 
Wj  'g'io  gradually  separate  from  each  other.  By  such 
faliliar  obaervaUons,  the  experience  of  on  ordinary  liic  is 
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miffictent  for  determining  the  period  of  the  leasons  with 
abundant  aocuracy.  The  difficulty  was  to  acoompIiBh  the 
leoonciliation  of  this  period  with  the  sacred  cycle  of  months^ 
each  day  of  which  was  consecrated  to  a  particular  duty, 
jealous  of  his  honours.  Thus  the  Hierophantic  sdenoe,  and 
the  whole  art  of  kalendar-making,  were  necessarily  entrusted 
to  the  priests.  We  see  this  in  the  history  of  all  nations, 
Jews,  Pagaus,  and  Christians. 

93.  Various  have  been  the  contrivances  of  different  na- 
tions. The  Egyptians,  and  some  of  the  neighbouring 
Orientals,  seem  early  to  have  known  that  the  period  of  sea- 
sons considerably  exceeded  IS  months,  and  contained  865 
idays.  They  made  the  civil  year  consist  of  12  months  of 
90  days,  and  added  6  complimentary  days  without  cere- 
monies ;  and  when  more  experience  convinced  them  that 
the  year  contained  a  fraction  of  a  day  more,  they  made  no 
change,  but  made  the  people  believe  that  it  was  an  im- 
provement on  their  kalendar,  that  their  great  day,  the  first 
of  ThotJij  by  falling  back  one  day  in  four  periods  of  sea- 
sons, would  thus  occupy  in  succession  every  day  of  the 
year,  and  thus  sanctify  the  whole  in  1461  years,  as  they 
imagined,  but  really  in  1425  of  their  civil  years.  We 
have  but  a  very  imperfect  knowledge  of  the  arrangement  of 
their  festivals.  Indeed  they  were  totally  difierent  in  al- 
most every  city. 

It  is  important  to  the  astronomer  to  know  this  method  of 
reckoning ;  because  all  the  observations  of  Hipparchus  and 
Ptolemy,  and  all  those  which  they  have  quoted  from  the 
Chaldeans,  Persians,  &c.  are  recorded  by  it.  In  An.  Dom. 
940,  the  first  day  of  Thoth  fell  on  the  first  of  January,  and 
another  Egyptian  year  commenced  on  the  31st  of  Decem- 
ber of  that  year.  From  this  datiun  it  is  easy  to  reckon 
beck  by  years  of  365  days,  and  to  say  on  what  day  of  what 
month  of  any  of  our  years  the  first  day  of  Thoth  falls,  and 
this  wandering  year  commences. 

94.  The  Greeks  have  been  much  more  pusiled  with  the 


KALENDAR  OF  TUK  GHKEKn. 


35 


'fbrtoation  of  a  lunisolar  year  than  tlic  Egyptians.  Solon  got 
an  oracle  to  direct  his  Alheiiians  (59+  years  before  our  aita)^ 

AhA  htw  rfii,  am  'VX-if,  xarm  lit.ni'.  ■>.  xitrm  ii^i{i|.       Thc  nu:iin- 

ing  of.  which  seems  to  be,  to  regulate  lh«r  year  by  the  1 
Sun,  or  seasons,  tJieir  months  by  the  Moon,  and  their  ies>  I 
IJTxls  by  the  days.     Observing  that  59  days  made  two 
numths,   he  made  these  alternately  of  30  and  of  29  days, 
rtxM  and  ...A^.  full,  and  deficient ;  and  the  3Ulh  day  of  « 
month,  thc  ^...m.,.  vas  called  in  ■»  ■■■.  .»^>in>,  as  it  belongod  i 
to  both  months. 

But  this  was  not  sufficiently  accurate ;  and  the  Olym-  1 
pic  games,  celebrated  on  every  fourth  year,  during  the  full 
Moon  nearest  to  midaummer  day,  had  gone  into  great  coo- 
fuotH).  Thc  Hierophants,  whose  proclamation  to  all  the 
tlatcs  BEscnihlcd  the  chiefs  togetlier,  had  not  skill  enough  I 
to  keep  tliem  from  gradually  falling  into  the  autumn  months. 
lDJu£aoU3  corrections  were  made  fram  time  to  time,  by 
mlct  for  inserting  months  to  bring  things  to  rights  agairk 
It  dcKTves  to  be  remarked  here,  that  tliis  is  the  way  w 
•hich  the  ancient  astronomy  improved,  before  the  establish- 
ment of  the  AJex&ndnan  scliool.  It  was  not  by  a  more  ac- 
curate obserration  of  the  motions,  as  in  modern  timfis,  but 
hj  (^Kovering  the  errors,  when  tlicy  amounted  to  an  uiut 
cfllw  scale  on  which  they  were  measured,  The  astrono- 
mers  then  improved  their  future  computations  by  repeated^ 
Ij  CDlting  ofl'  this  unit  of  accumulated  error. 

95.  All  these  contrivances  were  publicly  proposed  at  the  I 
netting  of  the  Stales  for  the  Olympic  Games.     This  was 
■ttsccaoon  peculiarly  proper,  and  here  llie  scheme  of  Me- 
te wu  received  with  just  applause.     Fur  MeUm  not  only 
gue  bis  country^nen  a  very  exact  determination  of  the   | 
Iniw  month,  but  accompanied  it  with  a  scheme  of  iutcrca*   I 
■liMi)  by  which  all  their  festivals,  religious  and  civil,  wcra   | 
vmijed  so  as  to  have  very  aoiall  dislocations  from  the  d.tyi 
if  new  and  full  Moon.    As  this  had  hitherto  bean  a  matter  f 
arable  difficulty,  Meton  was  declared  victor  in  Ute 


36  ASTEONOMICAL  PHENOMENA. 

first  department,  a  statue  was  decreed  him,  and  his  arrange- 
ment of  the  festivals  was  inscribed  on  a  pillar  of  marble,  in 
letters  of  gold.  This  has  occasioned  the  number  expres- 
sing the  ciurent  year  of  the  cycle  of  19  years  (called  the 
Metonic  cycle)  to  be  called  the  Grolden  Number.  This 
scheme  of  Meton'*s  was  indeed  very  judidous,  though  in- 
tricate, because  he  arranged  the  interpolation  of  a  month 
so  as  nev6r  to  remove  the  first  day  of  the  month  two  days 
from  the  time  of  new  Moon,  whereas  it  had  often  been  a 
week. 

The  Metonic  cycle  commenced  on  16th  July,  433  years 
before  the  beginning  of  the  Christian  sera,  at  43  minutes 
past  seven  in  the  morning,  that  being  the  time  of  new 
Moon.  The  first  year  of  each  cycle  is  that  in  which  the 
full  Moon  of  its  first  month  is  the  nearest  to  the  summer 
solstice. 

96.  The  Roman  kalendar  was  in  a  much  worse  condition 
than  the  rudest  of  the  Greeks.  The  superstitious  venera- 
tion for  their  ceremonies,  or  their  passion  for  public  sports, 
had  diverted  the  attention  of  the  Romans  (who  never  were 
cultivators  or  graziers)  from  the  seasons  altogether.  Th^ 
were  contented  with  a  year  of  ten  months  for  several  cen- 
turies, and  had  the  most  absurd  contrivances  for  produdng 
some  conformity  with  the  seasons.  At  last,  that  accom- 
plished general,  Julius  C^Bsar,  having  attained  tlie  height 
of  his  vast  ambition,  resolved  to  reform  the  Roman  kalen- 
dar. He  was  profoundly  skilled  in  astronomy,  and  had 
written  some  dissertations  on  different  branches  of  the 
science,  which  had  great  reputation,  but  are  now  lost  He 
had  no  superstitious  or  religious  qualms  to  disturb  him,  and 
was  determined  to  make  every  thing  yield  to  the  great  pur- 
pose of  a  kalendar,  its  use  in  directing  the  occupations  of 
the  people,  and  for  recording  the  events  of  history.  He 
took  the  help  of  Sosigenes,  an  astronomer  of  the  Alexan- 
drian school^  a  man  perfectly  acquainted  with  all  the  dis- 
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These  eminent  scholars,  knowing  that  the  period  of  Bea> 
vm  occupied  365  days  and  a  i^uarter  very  nearly,  made  a 
Ehort  cycle  of  4  years,  containing  three  years  of  365,  and 
oneof  366  days;  thus  cutting  off,  in  the  Greciao  manner, 
Uk  error,  when  it  amounted  to  a  whole  day,     Cnssar  re- 
solved also  to  change  the  beginning  of  the  year  from  March, 
where  Romulus  had  placed  it  in  honour  of  his  patron  Mors, 
t«  the  whiter  solstice.     This  is  certainly  the  most  natural 
my  of  estimating  the  commencement  of  the  year  of  seasons. 
What  we  are  most  anxious  to  ascertain  is  the  precise  day 
when  the  Sun,  after  having  withdrawn  his  cheering  beams, 
and  exposed  ua  to  the  uncomfuriablc  cold  and  storms  of-  \ 
winter,  begins  to  turn  toward  us,  and  to  bring  back  the  ' 
ptewures  of  spring,  and  by  his  genial  warmth  to  give  us  the 
hopn  of  another  season  of  productive  fertility.  Ciesar  ther©- 
&n  diose  for  the  beginning  of  his  kaiendar,  a  year  ia. 
»lurfi  there  was  a  new  Moon  following  close  upon  the  wirw  ' 
Iffwktice.     This  opportunity  was  afforded  him  in  die  s 
Gond  year  of  his  dictatorship,  and  the  707th  year  from  the 
foundBtion  of  Rome.    lie  found  that  there  would  be  a  new 
Mom  six  days  after  tlie  winter  solstice.     He  made  this 
new  Moon  the  1st  of  January  of  his  first  year.   But,  to  da  I 
this  he  was  obliged  to  keep  the  preceding  year  dragging . 
on  90  ilays  longer  than  usual,  containing  4*4  days,  instead  ' 
of  the  old  number  354,    As  all  these  days  were  unprovided'  1 
with  wleninities,  the  year  preceding  Ctesar's  calendar  fl 
called  i/ic  year  o/'con/it.fion.     Casar  also,  for  a  particulae 
feann,  chose  to  make  his  first  year  con^st  of  366  days,  and  J 
he  inaeried  the  intercalary  day  between  the  23d  and  2-ttIk  | 
uf  Ftbniary,  choosing  diat  particular  day,  as  a  separation  A 
of  the  lustrations  and  other  piaculums  to  the  infernal  deiiieSt  j 
»liich  ended  with  the  23d,  from  the  worship  of  the  celes-  1 
^  deities,  which  took  place  on  the  24th  of  February.  Tb»  i 
Mth  was  the  sexfus  ante  kaicTidas  ncomenias  Martias.   Hii 
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inserted  day,  answering  civil  purposes  alone,  had  no  oere« 
monies,  nor  any  name  appropriated  to  it,  and  was  to  be 
considered  merely  as  a  supernumerary  scxtus  ante  kalendas. 
Hence  the  year  ^tiiich  had  this  intercalation  was  styled  an 
annus  bissexHUSy  a  bissextile  year.  With  respect  to  the 
rest  of  the  year,  Caesar  b^ng  also  Fontifex  Maximus  (an 
office  of  vast  political  importance),  or  rather,  having  all  the 
power  of  the  state  in  his  own  person,  ordered  that  attention 
should  be  given  to  the  days  of  the  month  only,  and  that 
the  religious  festivals  alone  should  be  regulated  by  the  sa- 
cred college.  He  assigned  to  tach  month  the  number  of 
days  which  has  been  continued  in  them  ever  since. 

97.  Such  is  the  simple  calendar  of  Julius  Caesar.  Simple 
however  as  it  was,  his  instructions  were  misunderstood,  or 
not  attended  to,  during  the  horrors  of  the  civil  wars.  In- 
stead of  intercalating  every  fourth  year,  the  intercalation 
was  thrice  made  on  every  succeeding  third  year.  The 
mistake  was  discovered  by  Augustus,  and  corrected  in  the 
best  manner  possible,  by  omitting  three  intercalations  dur- 
ing the  next  twelve  years.  Since  that  time,  the  kakndar 
has  been  continued  without  interruption  over  all  Europe 
till  1 583.  The  years,  consisting  of  365i  days,  were  called 
Julian  years  ;  and  it  was  ordered,  by  an  edict  of  Augus- 
tus, that  this  kalendar  shall  be  used  through  the  whde 
cmp'ure,  and  that  the  years  shall  be  reckoned  by  the  reigna 
of  the  different  emperors.  This  edict  was  but  imperfectly 
executed  in  the  distant  provinces,  where  the  native  princes 
were  allowed  to  hold  a  vassal  sovereignty.  In  Egypt  par- 
ticularly, although  the  court  obeyed  the  edict,  the  people 
followed  their  former  kalendars  and  epochs.  Ptolemy  the 
astronomer  retains  the  reckoning  of  Hipparchus,  by  Egyp- 
tian years,  reckoned  from  the  death  of  Alexander  the 
Great.  We  must  understand  all  these  modes  of  oomputa* 
tion,  in  order  to  make  use  of  the  ancient  astronomical  ob- 
servations. A  comparison  of  the  different  epochs  will  be 
given  as  we  finish  the  subject 
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9&  The-oa  adopted  by  the  Raman  Kntjue  wlien  Chrit* 
tiiuty  became  the  religi<m  of  the  state,  was  not  finally  wt* 
tied  till  a  good  while  after  Constaottne.  Dionyuus  Eu- 
guim  a  French  monk,  after  consulting  all  proper  docu* 
meats,  conuden  the  SStb  of  December  of  the  forty-fifth 
^  of  Julius  Cesar  as  the  day  of  our  Saviour's  nativity. 
>  Tbe  l(t  of  Januwy  of  the  forty-sixth  ^ear  of  Caaar  i* 
theiefbie  the  b^ninning  of  the  era  now  used  by  the  Chria- 
tita  irorld.  Any  event  happening  in  this  year  is  dated  anjto 
DoKni  primo.  As  Ccesar  had  made  liii  first  year  a  biatex- 
tile,  the  year  of  the  nativity  was  also  bissextile ;  and  the 
fitit  jesr  of  our  era  befpns  the  short  cycle  of  four  years,  ao 
that  the  fourth  year  of  our  era  is  Inssextile, 

That  we  may  connect  this  era  with  all  the  others  em> 
plojed  by  astronomers  or  historians,  it  will  be  enough  to 
koDv  that  this  first  year  of  the  Christian  era  is  the  4714th 
of  ihe  Julian  period.  , 

It  coincides  with  the  fourth  year  of  the  194th  Olympiad 
till  ladsusimer. 

IttxNDcides  with  the  ^S3d  ab  urhe  condUOt  till  April 
Sla. 

It  coincides  with  the  748th  of  Nabonassar  till  August 
23d. 

It  ecinodea  with  the  3S4th  dvil  year  of  Egypt,  reckoned 
fmn  the  death  of  Alexander  the  GreaL 

la  the  arrangement  of  epochs  in  the  astrancxmcal  tables, 
the  joui  before  the  Christian  era  are  counted  backwards, 
calbog  the  year  of  the  nativity  0,  the  precetUng  year  1,  Sic. 
But  chraoiriogists  more  frequently  reckon  the  year  of  the 
nuitity  the  first  befwe  Christ    Thus, 

Vesrsof  Cesar 41,  42.  43,  44,  45,  46,  47,  48,  49 

A*DDoajew....: 4,     3,     2,     1,     0,     1,     2,     8,     4 

CInaxdqgirtB 5,     4,    3,     se,     1,     1,     9,     8,     4 

This  kalendar  of  Julius  Cnsar  has  manifest  advantages 
in  redact  «f  punplieity,  and  in  a  short  time  supplanted  all 
otlttn  among  the  weatem  notions.    Many  other  nations  had 
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1500  and  1600  ten  days  are  wanting ;  and  that  each  of 
the  centuries  1700  and  1800  also  want  a  day.  The  inter* 
yal  from  the  beginning  of  our  era,  and  A.  D.  1582,  needs 
no  attention;  but  that  between  1506  and  1805  wants 
twelve  days  of  three  Julian  centuries. 

lOS.  We  must  also  be  careful,  in  using  the  ancient  ob* 
servations,  to  connect  the  years  of  our  Lord  with  the  years 
before  Christ  in  a  proper  manner.  An  eclipse  mentioned 
by  an  astronomer  as  having  happened  on  the  1st  of  Fe- 
bruary, anno  Stio  A.  C.  must  be  considered  as  happening 
in  the  forty-second  year  of  Julius  Caesar,  fiyt  if  the  same 
thing  is  mentioned  by  a  historian  or  chronologist,  it  is 
much  more  probable  that  it  was  in  the  forty-third  year  of 
Csesar.  It  was  chiefly  to  prevent  all  ambiguities  of  this 
kind  that  Scaliger  contrived  what  he  called  the  Julian  perioiJL 
This  is  a  number  made  by  multiplying  together  the  nunu 
h&C8  called  the  Lunar,  or  Metanic  cycky  the  solar  cycle,  and 
the  indictunL  The  lunar  cycle  is  1 9)  and  the  first  year  of 
our  Lord  was  the  second  of  this  cycle.  The  solar  cycle  is 
88,  being  the  number  of  years  in  which  the  days  of  the 
month  return  to  the  same  days  of  the  week.  As  the  year 
contains  fifty-two  weeks  and  one  day,  the  first  day  of  the 
year  (or  any  day  of  any  month)  falls  back  in  the  week  one 
day  every  year,  till  interrupted  by  the  intercalation  in  a 
bissextile  year.  This  makes  it  fidl  back  two  days  in  that 
year ;  and  therefore  it  will  not  return  to  the  same  day  till 
after  firar  times  seven,  or  twenty-eight  years.  The  first 
year  of  our  Lord  was  the  tenth  of  this  cycle.  The  ivnic- 
TioN  18  a  cycle  of  fifteen  years,  at  the  beginning  of  whidi 
a  tax  was  levied  over  the  Roman  emjure.  It  took  place 
A.D.  812 ;  and  if  reckoned  backward,  it  would  have  be- 
gun three  years  befi^re  the  Christian  era.  The  year  of 
this  cycle,  for  any  year  of  the  Christian  era,  will  therefore 
be  had  by  adding  three  to  the  year,  and  dividing  by  fif* 
teen.     The  product  of  these  three  numbers  is  7980 ;  and 

it  is  plain,  that  this  number  of  years  must  elapse  before  a 
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jmr  cin  hare  the  same  place  in  all  the  three  cycles.  If, 
therefore^  we  know  the  place  of  these  cycles,  belonging 
to  any  year,  we  can  tell  what  year  it  is  of  the  Julian  pe- 
riodL 

The  first  year  of  our  era  was  the  second  of  the  lunar 
cycle,  the  tenth  of  the  solar,  and  the  fourth  of  .indiction, 
and  the  4714th  of  the  Julian  period.  By  this  we  may  ar* 
range  all  the  remarkable  eras  as  foUows : 

J.  ?•       0^1.       A.  C. 

Era  of  the  Olympiads 89S8      18    5    6      775,776 

Fomidation  of  Borne 8961      18    9    1      752,753 

Nabonassar 3967      19  15    7      746,747 

Death  of  Akxand^  .......4390  828,324 

First  of  Juhus  Cesar 4669      21  14    4        44,  M 

A.Dom.1 4714      10    2    4 

103.  IMd  the  Metonic  cyde  of  the  Moon  correspond  ex- 
actly with  ter  year,  it  would  mark  for  any  year  the  nuni« 
ber  of  years  wliidi  have  elapsed  since  it  was  new  Moon  on 
the  1st  of  January.  But  its  want  of  perfect  accuracy,  the 
imnity  of  an  intercalation,  and  the  lunar  equations,  8ome>. 
times  canse  an  error  of  two  days.  It  is  much  used,  how* 
ever,  for  ordinary  calculations  for  the  Church  hoUdays. 
To  find  the  golden  number,  add  one  to  the  year  of  our 
Lord,  divide  the  sum  by  19,  the  remainder  is  the  golden 
number.  If  there  be  no  remainder,  the  golden  number 
is  19. 

104.  Another  number,  called  Epact,  is  also  used  for  fa- 
cilitating the  calculation  of  new  and  full  Moon  in  a  gross 
way.  The  epact  is  nearly  the  Moon^s  age  on  the  1st  of 
Januaiy.  To  find  it,  multiply  the  golden  number  by  11, 
add  19  to  the  product,  and  divide  by  30.  The  remainder 
is  the  epact 

Ktiowing,  by  the  epact,  the  Moon'^s  age  on  the  1st  of 
Januaiy,  and  the  day  of  the  year  corresponding  to  any  day 
of  a  month,  it  is  ea^  to  find  the  Moon^s  age  on  that  day, 
by  dividbng  the  double  of  the  sum  of  this  number  and  the 
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epact  by  59.    The  half  remainder  is  nearly  the  Moon^s 

Although  these  rude  computations  do  not  correspond 
with  the  motions  of  the  two  luminaries,  they  deserve  notice, 
being  the  methods  employed  by  the  rules  of  the  church 
for  settling  the  moveable  diurch  festivals. 

Of  the  proper  Motions  qfihe  Planets. 

105.  The  planets  are  observed  to  change  thdr  situations 
in  the  starry  heavens,  and  move  among  the  «gns  of  the  zo- 
diac, never  receding  far  from  the  ecliptic 

Their  motions  are  exceedingly  irregular,  as  may  be  seen 
by  Fig.  11,  which  represents  the  motion  of  the  planet 
Jupiter,  from  the  beginning  of  1708  to  the  b^;inn!ng  of 
1710.  E  K  represents  the  ecliptic,  and  the  initial  letters 
of  the  months  are  put  to  those  pcnnts  of  the  apparent  path 
where  the  planet  was  seen  on  the  first  day  of  each  month. 

It  appears  that,  on  the  1st  of  January  1708,  the  planet 
was  moving  slowly  eastward,  and  became  stationary  about 
the  middle  of  the  month,  in  the  second  degree  of  Libra. 
It  then  turned  westward,  gradually  increasing  its  westerly 
motion,  till  about  the  middle  of  March,  when  it  was  in 
opposition  to  the  Sun,  at  R,  all  the  while  deviating  farther 
from  the  ecliptic  toward  the  north.  It  now  slackened  its 
westerly  motion  every  day,  and  was  again  stationary  about 
the  20th  of  May,  in  the  twenty-second  degree  of  Virgo, 
and  had  come  nearer  to  the  ecliptic.  Jupiter  now  moved 
eastward,  nearly  parallel  to  the  ecliptic,  gradually  acceler- 
ating in  his  motion,  till  the  beginning  of  October,  when  he 
was  in  conjunction  with  the  Sun  at  D,  about  the  eleventh 
degree  of  Libra.  He  now  slackened  his  progressive  mo- 
tion every  day,  till  he  was  again  stationary,  in  the  second 
degree  of  Scorpio,  on  the  12th  or  IStii  of  February  1709. 
He  then  moved  westward,  was  again  in  opposition,  in  the 
twenty*seventb  d^ec  of  Libra,  about  die  middle  of  ApriL 
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He  became  statkmary,  about  the  end  of  Jime^  in  the  twen- 
tj'-ii^  degree  of  Libra ;  and  fr^m  this  place  he  again  pro- 
ceeded eastward ;  was  in  conjunction  about  the  be^nning 
of  November,  very  near  the  star  in  the  southern  scale  of 
lifara;  and,  on  the  Ist  of  January  1710,  he  was  in  the 
twenty-finnrth  degree  of  Scorpio. 

This  figure  will  very  nearly  correspond  with  the  appar- 
ent modoiis  of  the  {Janet  in  the  same  months  of  180S  and 
1804.  Jupiter  will  go  on  m  this  manner,  forming  a  loop 
in  his  path  in  every  thirteenth  month ;  and  he  is  in  oppo- 
sition to  the  Sun^  when  in  the  middle  of  each  loop.  His 
regress  in  each  loop  is  about  10  degrees,  and  his  progres- 
sire  motion  is  continued  about  40  degrees.  He  gradually 
ifiproaches  the  ecliptic,  crosses  it,  deviates  to  the  south- 
ward,  then  returns  towards  it ;  crosses  it,  about  six  years 
after  Us'fionner  crossing,  and  in  about  twelve  years  comes 
to  where  he  was  at  the  be^ning  of  these  observations. 

106L  The  other  planets,  and  particularly  Venus  and 
Mercury,  are  still  more  irregular  in  their  apparent  motions, 
and  have  but  few  circumstances  of  general  resemblance. 

The  first  general  remark  which'  can  be  made  on  these 
intricate  motions  is,  that  a  planet  always  appears  largest 
when  in  the  points  R,  R,  R,  which  are  in  the  middle  of 
its  retrograde  motions.  Its  diameter  gradually  diminishes, 
and  becomes  the  least  of  all  when  in  the  points  D',  IX ,  I>9 
wUdi  are  in  the  middle  of  its  direct  motions.  Hence  we 
infer,  that  the  planet  is  nearest  to  the  Earth  when  in  the 
middle  of  its  retrograde  motion,  and  farthest  from  it  when 
in  the  middle  of  its  direct  motion. 

It  may  also  be  remarked,  that  a  planet  is  always  in  con- 
junction with  the  Sun,  or  comes  to  our  meridian  at  noon, 
when  in  the  middle  of  its  direct  motions.  The  planets 
Venus  and  Mercury  are  also  in  conjunction  with  the  Sun 
when  in  the  middle  of  their  retrograde  motions.  But  the 
fdanets  Mars,  Jupiter,  and  Saturn,  arc  always  in  opposi- 
tion to  the  Sun,  or  come  to  our  meridian  at  midnight. 
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when  in  the  middle  of  their  retrograde  motions.     Their  si- 
tuations  also,  when  stationary,  are  always  similar,  relative 
to  the  Sun.     These  appearances  in  all  the  planetary  mo- 
tions have  therefore  an  evident  relation  to  the  Son^s  place. 
107.  The  ancient  astronomers  were  of  ofnnion,  that  the 
perfection  of  nature  required  all  motions  to  be  unifonn,  as 
fiur  as  the  purpose  in  view  would  permit     The  planetary 
motions  must  therefore  be  uniform,  in  a  figure  that  is  uni- 
form ;  and  the  astronomers  maintained,  that  the  observed 
irregularities  were  only  apparent.     Their  method  for  re* 
oonciling  these  with  their  prindple  of  perfection  is  very  dl^ 
viously  suggested  by  the  representation  here  given  of  the 
motion  of  Ju^nter.     They  taught,  that  the  jianet  moves 
uniformly  in  the  drcumference  of  a  circle  qrs  (Fig.  IS) 
in  a  year,  while  the  centre  Q  of  this  drde  is  carried  uni- 
formly round  the  Earth  T,  in  the  drcumference  of  another 
c'u*de  Q  A  L.     The  cirde  Q  A  L  is  called  the  bkfsrbiit 
CIRCLE,  and  jr*  is  called  the  kpicyclb.     They  explained 
the  deviation  from  the  ecliptic,  by  saying,  that  the  deferent 
and  the  epicycle  were  in  planes  different  from  that  of  the 
ecliptic.     By  various  trials  of  diiferent  proportions  of  the 
deferent  and  the  epicycle,  they  hit  on  such  dimensions  as 
produced  the  quantity  of  retrograde  motion  that  was  ob^- 
served  to  be  combined  with  the  general  progress  in  the 
order  of  the  signs  of  the  zodiac. — But  another  inequali^ 
was  observed.     The  arch  of  the  heavens  intercepted  be- 
tween two  successive  oppositions  of  Jujnter  (for  example), 
was  observed  to  be  variable,  being  always  less  in  a  certain 
part  of  the  zodiac,  and  gradually  increasing  to  a  maximum 
state  in  the  opposite  part  of  the  zodiac. 

In  order  to  correspond  with  this  second  inequality, 
as  it  was  called,  and  yet  not  to  imply  any  inequality  of  the 
motion  of  the  epicycle  in  the  drcumference  of  the  deferent 
drde,  the  astronomers  placed  the  Earth  not  in,  but  at  a 
cerUun  distance  from,  the  centre  of  the  deferent ;  so  that 
an  equal  arch  between  two  succeeding  oppositions  should 
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nibtend  n  snialter  angle,  when  it  is  on  the  other  udu  of 
that  centre.  Thus,  the  untK|ual  motion  of  the  epicycle 
mut  cxjiIuiukI  in  the  same  way  as  the  Sun's  unequal  mo- 
baa  in  his  Annual  utblt.  The  Yam  drawn  througli  the 
Bntb  and  ihi;  centre  of  the  deferent  is  called  the  line  of 
ihe  planet's  apsides,  and  its  extremities  are  called  the  apo- 
gte  nd  perigee  of  the  deferent  as  in  the  case  of  the  Sun's 
otUt  (54.)  In  thb  manner,  they  at  lost  composed  ■  set 
of  motions  which  agreed  tolerably  well  with  observntion. 

The  celebrated  geometer  Apollonius  gave  very  judicious 
directions  how  lo  proportion  the  epicycle  to  the  deferent 
cadi.  But  tliey  seem  not  to  have  been  attended  to,  even 
by  Ploleiuy  ;  and  (he  astronomers  remained  very  ignorant 
rf  nj  method  of  construction  which  agreed  sufficiently 
with  the  phenomena,  till  about  the  thirteenth  century, 
when  tbc  doctrine  of  epicycles  was  cultivated  with  more 

A'^wy  fnll  and  distinct  account  u  given  of  all  the  in- 
gHapM  oontrivance;  of  the  ancient  astronomers  for  explain- 
iig  the  irregularities  of  the  celestial  motions,  in  the  first 
pit  of  Dr  Small's  History  of  the  Discoveries  of  Kepler, 
in  1803. 


Of  the  Motions  of  Vcnu3  attd  Mcrcurij. 
106.  Venus  has  been  sometimes  seen  moving  across  the 
Sod'i  disk  from  east  lo  wesi,  in  the  form  of  a  round  black 
^  willi  an  apparent  diameter  of  about  69".  A  few  days 
tfter  this  has  been  ubs<.'rved,  Venus  is  seen  in  tlic  morning, 
ntt^  a  little  before  the  Sun,  in  the  form  of  a  fine  crescent, 
vilh  the  convexity  tunietl  toward  the  Sun.  She  nKn'et 
indually  we&tward,  separating  from  tlio  Sun,  with  a  re-  - 
tvded  motion,  and  tlic  crescent  becomes  more  full.  Id 
itoit  ten  weeks,  she  has  moved  46°  west  of  the  Sun,  and 
N  DOW  a  seuucirvle,  and  her  diameter  ^  20".  She  now  se- 
pWtcs  no  faithcr  from  the  Sun,  but  moves  eastward,  with 
•  action  gradually  autelcraUtl,  and  she  gradually  dimin- 
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iahes  in  apparent  diameter.  She  overtakes  the  Sun,  abcwt 
9i  months  after  having  been  seen  on  hb  disk.  Some  time 
after,  Venus  is  seen  in  the  evening,  east  of  the  Sun,  round, 
but  very  small.  She  moves  eastward,  and  increases  in  vp* 
parent  diameter,  but  loses  of  bar  roundness,  till  she  gets 
about  ^Sf*  east  of  the  Sun,  when  she  is  again  a  semkarde, 
having  the  ocmvexity  toward  the  Sun.  She  now  moves 
westward,  incxeasing  in  diameter,  but  becoming  a  crescent, 
like  the  wamng  Moon ;  and,  at  last,  after  a  period  of  near- 
ly 584  days,  comes  again  into  conjunction  with  the  Sun, 
with  an  apparent  diameter  of  69^^ 

109.  From  these  {^nomena  we  conclude^  that  the  Sun 
b  indudttl  within  the  orbit  of  Venus,  and  is  not  ftr  firom 
its  centre,  while  the  Earth  is  without  this  oittiL  There- 
fore, while  the  Sun  revolves  round  the  Earth,  Venus  re- 
volves round  the  Sun. 

The  time  of  the  revolution  of  Venus  round  the  Sun  may 
be  deduced  from  the  interval  which  elapses  between  twd  or 
more  conjunctions,  by  help  of  the  folloigring  thecnem : 

110.  Let  two  bodies,  A  and  B,  revolve  uniformly  in 
the  same  direction,  and  let  a  and  b  be  their  respective  pe- 
riods, of  which  6  is  the  least,  and  t  the  interval  between 
two  successive  conjunctions  or  oppositions. 

'     _       ,       a  ^  bt 

Then  6= -—-^  and  a= 


For  tlie  angular  modons  are  inversely  proportional  to 
the  periodic  times.      Therefore  the  angular  motions  of 

A  and  B  are  as  -  and  r«     And,  since  they  move  in  the 

a        b  ^  ^ 

same  direction,  the  synodical  or  relative  motion  is  the 

difference  of  their  angular  motions.     Therefore  the  fiin* 

111  l«.l  j_l    « 

damental  equation  is  r—^-r'      Hence  '^"'"i^  q?  ~ 

a  +  <       ,.         a«  ,111         i  —  h 

—7-,  and  b  =»*-7-:.    Also-  =  r— 7,  =  77-,  and  a  = 

bt 
t^b' 


^ 
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We  may  also  calculate  the  synodical  period  t,  when  we 
1        1      1      a— 6 
inmr  the  real  periods  of  each.     For  -  =  ^— -  =  -^  , 

ab 

This  gives,  for  the  periodic  time  of  Venus  round  the 
SumaJ*"  16"  49'  13". 

\\\.  But  it  is  evident,  that  if  this  angular  motion  is  not 
unifbroii  the  interval  between  two  successive  conjunctions 
may  chance  to  give  a  false  measure  of  the  period.  But 
by  observing  many  conjunctions  in  various  parts  of  the 
hatem,  and  by  dividing  the  interval  between  the  tirst  and 
let  by  the  number  of  intervals  between  each  (taking  care 
thu  the  first  and  last  shall  be  nearly  In  the  same  part  of 
thelKavcns),  it  is  e^adent  that  the  inequalities  being  dis- 
tiibuted  among  them  all,  the  quotient  may  be  lakai  as 
Marij  in  exact  medium.  Hence  arises  the  great  value  of 
ADdeDt  observations.  In  eight  years  wo  have  five  con- 
junctions of  Venus,  and  she  is  only  1"  32'  short  of  the 
piw  of  the  first  conjuncUoo.  The  period  deduced  from 
ibe  eoi^ unctions  in  1761  and  1769,  scarcely  differs  from 
ibit  deduced  from  the  conjunctions  in  1639  and  1761. 
Btttbe  other  planets  require  more  distant  observations. 

Hit  Venus  does  not  moTe  unilbrmly  in  her  orbit.  For 
if  the  place  of  Venus  in  the  heavens  be  observed  in  a  great 
nmnber  of  successive  conjunctions  with  the  Sun  (at  which 
linK  her  place  in  the  ecliptic,  as  seen  from  the  Sun,  is 
oilier  the  Sun's  place,  as  seen  from  the  Earth,  or  the  oppo- 
ate  to  it),  we  find  that  her  changes  of  place  are  not  propor- 
tioaj  to  the  elapsed  times.  By  observations  of  this  kind,  we 
kmi  the  inequality  of  the  angular  motion  of  Venus  round 
tie  Sun,  and  hence  can  find  the  equations  for  every  point 
ft  the  wlrit  of  Venus,  and  can  thence  deduce  the  position 
rfVoius,  as  seen  from  the  Sun,  for  any  given  instant. 

This,  however,  requires  more  observations  of  this  kind 
ihn  we  are  yet  possessed  of,  because  her  conjunction* 
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happen  so  nearly  in  the  same  points  of  her  orbit,  that  great 
part  of  it  is  lefl  without  observations  of  this  kind.  But 
we  have  other  observations  of  almost  equal  value,  namely, 
those  of  her  greatest  elongations  from  the  Sun.  There  is 
none  of  the  planets,  therefore,  of  which  the  equations 
(which  indeed  are  very  small)  are  more  accurately  deter- 
mined. 

113.  We  can  now  determine  the  form  and  position  of 
the  orbit  For  we  can  observe  the  place  of  the  Sun,  or 
the  position  of  the  line  £  S,  (Fig.  IS.)  joining  the  Earth 
and  Sun.  We  know  the  length  of  this  Une  (53.)  We 
tan  observe  the  geocentric  place  of  Venus,  or  the  position 
of  the  Une  E  D  joining  the  Earth  and  Venus.  And  we 
can  compute  (112.)  the  hbliocenteic  place  of  Venus,  or 
the  pofidtion  of  the  line  S  C  joining  Venus  and  the  Suii» 
Venus  must  be  in  V,  the  intersection  of  these  twoUnca; 
and  therefore  that  point  of  her  orbit  is  determined. 

il4.  By  such  observations  Eepler  discovered,  that  the 
orbit  of  Venus  b  an  ellipse,  having  the  Sun  in  one  focus, 
the  semitransverse  axis  bdng  72333,  and  the  eccentricity 
610,  measured  on  a  scale  of  which  the  Sun's  mean  distance 
from  the  Earth  is  100000. 

115.  The  upper  apsis  of  the  orbit  is  called  the  aphb- 
LioN,  and  the  lower  apsis  is  called  the  peeihslion  of  Ve- 
nuBk 

116.  The  line  of  the  apsides  has  a  slow  motion  easU 
ward,  at  the  rate  of  g""  W  46"  in  a  century. 

117.  The  orbit  of  Venus  is  inclined  to  the  ecliptic  at  an 
angle  of  3"*  SO',  and  the  nodes  move  westward  about  31"  in 
a  year. 

118.  Venus  moves  in  this  orbit  so  as  to  describe  round 
the  Sun  area^  pnqwrtional  to  the  times. 

119.  The  planet  Mercury  resembles  Venus  in  all  the 
drcumstances  of  her  apparent  motion  i  and  we  make  simi- 
lar inferences  with  reqpect  to  the  real  motions.  His  orbit 
is  discovered  to  be  an  ellipse,  having  the  Sun  in  one  focus. 


Ythe  proper  Motions  of  the  Superior  PlantU. 
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The  •emitransverse  axis  is  38710,  and  the  eccentridty 
7960.  The  apsides  move  eastward  1"  57'  20"  in  a  century. 
The  orbit  is  inclined  to  the  ecliptic  7".  The  nodes  move 
westward  45"  in  a  year.  The  periodic  time  is  87'*  33''  15' 
UJ^nd  areas  are  described  proportional  to  the  linies. 

^^^^H.  Mars,  Jupiter,  and  Saturn,  exhibit  piienomeoa 
^^HlBBbly  different  from  those  exhibited  by  Mercury 
^B  Venus. 

I.  The;^-  come  to  our  meridian  both  at  noon  and  at  tntd- 
rngbt  When  they  come  to  our  meridian  at  noon,  and  are 
in  iJk  ecliptic,  they  are  never  seen  crdsung  the  Sun's  disk. 
Hence  we  Infer,  that  their  orbits  include  both  tlie  Sun  bmA 
llieEvth. 

t  They  are  always  retrograde  when  in  oppoabon,  and 
diKetwfaen  in  conjunction, 

The  ptanet  Jupiter  may  sene  as  an  example  of  the  way 
iiirluch  their  real  motions  may  be  investigated. 

HI.  Jupiter  is  an  opaque  body,  visible  by  means  of  the 
ndeded  light  of  the  Sun.  For  the  shadows  of  some  of  the 
hHTenly  bodies  are  sometimes  observed  on  his  disk,  and 
liis  ihadow  frequently  falls  on  them. 

\ii.  His  apparent  diameter,  when  in  opposition,  is  about 
HfftaA,  when  in  conjunction,  it  is  about  31 ",  and  his  disk 
ii^itys  round.  Hence  we  infer,  that  he  is  nearest  when 
in  OppcwitioD,  and  that  his  least  and  greatest  distance  are 
Mirljf  as  two  to  three.  The  Earth  is,  therefore,  far  re- 
awed  from  the  centre  of  his  motion ;  and,  if  we  endeavour 
iDOflun  his  motion  by  means  of  a  deferent  orcle  and  an 
ejwjfde,  the  radius  of  the  deferent  must  be  about  five 
timeilhe  radius  of  the  epicycle. 

1*3.  Since  Jupiter  is  always  retrograde  when  in  oppo- 
Wioo,  and  direct  when  in  conjunction,  his  position,  witli 
iwjwt  to  the  centre  of  his  eincycle,  must  be  MmiW  to  the 
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poation  of  the  Sun  with  respect  to  the  Earth.  His  motion, 
therefore*  in  the  epicycle,  has  a  dependance  on  the  motion 
of  the  Sun ;  and  his  motion,  as  seen  from  the  Sun,  must  be 
ampler  than  as  seen  from  the  Earth. 

His  position,  as  seen  from  the  Sun,  may  be  accurately 
observed  in  every  oppoation  and  conjunction. 

It  was  very  natural  for  the  ancient  astronomers  of  Greece 
to  infer,  from  what  has  been  said  just  now,  that  the  posi- 
tion of  Jupiter,  in  respect  of  the  centre  of  his  epicycle,  was 
the  same  as  that  of  the  Sun  in  respect  of  the  Earth,  not 
only  in  opposition  and  conjunction,  but  in  every  other 
situation.  For,  in  twelve  years,  we  see  it  to  be  so  in  the 
oppositions  observed  in  twelve  parts  of  the  heavens,  and  in 
83  years  we  see  it  in  76  parts.  It  is  very  improbable,  there- 
fore, that  it  should  be  other^nse  in  the  intervals. 

The  motion  of  a  superior  planet  may  be  explained  upcm 
these  principles  in  the  following  manner : 

Let  T  (Fig.  12.)  be  the  Earth,  and»fi»Z*pyxmheihe 
Sun's  orbit.  Also,  let  A,  B,  C,  D,  E,  F,  G,  H,  I,  be  the 
places  of  the  centre  of  the  epicycle  in  the  circumference  of 
the  deferent  when  the  Sun  is  in  »,fi,»,%,t,f,  y,  x*  ••  make 
A  a  parallel  to  T  m  and  B  b  parallel  to  T  /s,  and  C  c  parallel 
to  T  »,  &c.  and  make  these  lines  of  a  length  that  is  duly 
proportioned  (by  the  Apollonian  rule)  to  the  radius  T  A 
of  the  deferent  circle. 

When  the. Sun  is  in  «,  0. »,  &c.  the  centre  of  the  epicycle 
is  in  A,  B,  C,  &c.  and  the  planet  is  in  a,  6,  c,  &c.  and  the 
dotted  curve  abed  efg  A  a  Ar  is  its  path  in  absolute  q>aoe 
between  two  succeeding  oppositions  to  the  Sun,  viz.  in  a, 
and  in  X:. 

124.  If  we  make  the  radius  of  Jupiter's  deferent  circle 
to  that  of  the  epicycle,  as  52  to  10,  the  epicyclical  motkm 
arinng  from  this  construction  will  very  nearly  agree  with 
the  observation.  Only  we  may  observe,  that  the  <^ipoa- 
tions  which  succeed  each  other  near  the  constellation  Viigo, 
are  less  distant  from  one  another  than  those  observed  in  the 
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opposte  part  of  the  heavens ;  so  that  the  centre  of  the  c|»> 
€yde  seems  to  move  slower  in  the  first  case  than  in  the  last. 
To  recoDcile  this  with  the  perfect  uniformity  of  the  motion 
of  that  centre  in  the  circumference  of  the  deferent  circle, 
tbe  ancient  astronomers  said  that  the  earth  was  not  exactly 
ia  the  centre  of  the  deferent,  but  so  placed  that  the  equable 
notioo  of  the  centre  of  the  epicycle  appeared  slower,  be- 
cause it  Is  then  more  remote ;  and  gAer  various  trials,  they 
fiud  on  a  degree  of  eccentricity  for  the  deferent,  which 
aocordetl  belter  thaa  any  other  with  the  observations,  and 
iwDy  differed  very  little  from  them.  Copernicus  shews 
that  their  hypothesis  for  Jupiter  never  deviates  more  than 
balf  a  d^ee  from  observation,  if  it  be  properly  employed. 
They  found  that  the  epicycle  moved  round  the  deferent 
in  4382^  days,  with  an  equation  gradually  increasing  to 
neu  6  df^rees ;  so  that  if  the  place  of  the  epicycle  be  cal- 
culated for  a  quarter  of  a  revolution  from  the  apogee,  at  the 
mem  rate  of  5'  per  day,  it  will  be  found  too  far  advanced 
by  Dear  ten  weeks  motion. 

US.  But  the  andent  astronomers  had  no  such  data  for 
dittnnining  the  absolute  magnitude  of  the  deferent  circles 
■depic^cles  for  the  superior  planets,  as  Mercury  and  Venus 
iSaded  them.  The  rules  given  them  by  Apollonius  only  i 
Uagbt  them  what  proportion  the  epicycle  of  each  planet 
nost  have  to  its  deferent  circle,  but  gave  uo  information  as 
la  tbe  absolute  magnitude  of  either,  or  the  proportion  be- 
tweeo  the  deferent  circles  of  any  two  superior  planets. 
AoDocdingly,  no  two  ancient  astronomers  agree  in  their 
neamres,  farther  than  in  saying  that  Saturn  is  farther  off 
than  Jupiter,  and  Jupiter  tlian  Mars,  This  they  inferred 
fton  tb^r  longer  periods.  All  they  had  to  take  care  of  was 
to  Boakc  their  sizes  sufficiently  different,  so  that  the  epi- 
qrdes  of  two  neighbouring  planets  should  not  cross  and 
jastie  each  other.  Yet  they  might  easily  have  come  very 
Mv  the  truth,  by  a  small  and  very  allowable  addition  to 
Anr  hypothesis  of  epicyclical  moUon,  namcty,  by  suppos- 
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ing  that  the  epcyde  of  eaeh  planet  is  equal  to  the  Siin'a 
orbit.     This  was  quite  allowable. 

136.  If  we  do  this,  we  shall  deduce  consequences  that 
are  very  remarkable,  and  which  would  have  put  the  andent 
astronomy  on  a  footing  very  near  to  perfection.     For,  if 
C  e  (Fig.  IS.)  be  not  only  parallel  to  T  »,  but  abo  equal  to 
it,  then  C  T»c  is  a  parallelogram,  and  nc  is  equal  and 
parallel  to  T  C.     The  bearing  (to  express  it  as  a  mariner) 
and  distance  of  Jupiter  from  the  Sun  is  at  all  times  the 
same  with  the  bearing  and  distance  of  the  centre  of  his  epi- 
cycle from  the  Earth ;  and  Jupitar  is  always  fbuad  in  wan 
jErbit  round  the  Sun,  equal  and  similar  to  the  deferent  orbit 
round  the  Earth,    llius,  «a  is  equal  toTA;  /litoTB; 
»c  to  T  C,  &c.  with  respect  to  all  the  points  of  the  looped 
curve.     If  the  Earth  be  in  the  centre  of  the  deferent,  the 
distance  of  Jupiter  from  the  Sun  is  always  the  same^  and 
he  may  be  said  to  describe  a  circle  round  the  Sun,  while 
the  Sun  moves  round  the  Earth.     Nay,  it  results  fkom  the 
equality  of  Aa  to  T«  of  Bb  to  T/3.  &c.  that  whatever 
eccentricity,  or  whatev^  form  it  has  been  thought  neces- 
sary to  assign  to  the  deferent,  the  distances  «ii,  /s^  mCj  fca 
will  still  be  respectively  equal  to  T  A,  T  B,  T  C,  &a  The 
drcle  which  the  astronomers  called  the  deferent,  because  it 
is  supposed  to  carry  Jupiter's  epicycle  round  the  Earth, 
may  be  supposed  to  accompany  the  Sun,  being  carried 
round  by  him  in  a  year,  the  line  of  its  apsides  (1^4^)  keep- 
ing parallel  to  itself,  that  is,  in  our  figure,  to  T  A.    And 
thus,  the  motion  of  Jupiter  round  the  Sun  will  be  ineom- 
parably  more  simple  than  the  looped   curve  round  the 
Earth  ;  for  it  will  be  precisely  the  motion  which  was  given' 
by  the  astronomers  to  the  centre  of  Ju[Hter^5  ej^cycle.    The 
motion  of  Jupiter  in  absolute  space  is  indeed  the  same 
looped  curve  in  both  cases ;  but  the  way  of  conceiving  it  is 
much  much  more  simple. 

127.  This  suppo^tion  of  the  equality  of  Jupter'^s  epi- 
pyd<i  to  the  Sun's  orbit,  and  the  parallelism  of  C  <:  to  T  « 
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^^^Hy  position  of  Jupiter,  arc  tiitlj  verifiecl  by  ihe  modern 
^^^MieR  of  his  satellites.  Theae  little  planets  revolve 
I  mnd  him  with  perfect  regularity,  their  shadovs  fre- 
quently fall  on  his  disk,  and  they  are  often  obscured  by  his 
shadow.  This  shews  the  positiun  of  Jupiter's  shadow  at 
lU  times,  and,  consequently,  Jupiter's  position  in  respect  of 
the  Sun.  This  we  find  at  all  times  to  be  parallel  to  tiie 
supposed  position  of  the  centre  of  his  epicyde.  Thus  «c'  ' 
ii  fettnd  parallel  to  T  C. 

IW.  We  now  can  (ell  the  precise  point  jn  which  Jufnter 
is  firund  in  any  moment  of  time.  Having  made  the  radius 
T.  to  the  radius  T  A  in  the  due  proportion  of  10  to  5^,  * 
■nil  having  placed  the  Earth  at  the  proper  distance  from 
the  centre  of  ilie  deferent  Q  A  L,  we  can  calculate  (fiO.) 
thepOHlion  and  length  of  the  line  T  .  joining  the  Earth 
wiftlheSun.  We  can  draw  the  line  TC  to  the  sup- 
posrf  centre  of  Jupiter's  epicycle,  liaving  learned  the  law 
orquation  of  the  supposed  motion  of  that  centre  by  our 
obMmtion  oppositions  in  oU  quartera  of  the  ecliptic  (124-.) 
Bid  w  then  draw  ■  V  parallel  to  it.  This  must  pass 
ihrwigh  Jupiter,  or  Jupiter  must  be  somewhere  in  this 
line.  We  observe  Jupiter,  however,  in  the  direction  T  Z. 
Jupiter  must  therefore  be  in  the  intersection  c  of  the  lines 
.  V  jnd  T  Z.  And  then  we  can  measure  e  *,  Jupiter'a  dis- 
imeefrom  the  Sun. 

1*9.  Kepler,  by  taking  this  method  with  a  series  of  ob- 
RTVWions  made  by  Tycho  Brahc?,  discovered  that  Jupiter 
«» always  found  in  the  circumference  of  an  ellipse,  hav- 
«<8  the  Sun  in  its  focus-  Its  scmitrans verse  axis  is  52(K)9S, 
ihe  mean  distance  of  llie  Earth  from  the  Sun  being  sup- 
jwed  100000.  lu  eccentricity  is  25277.  Its  inclination 
ta  Ihe  ecliptic  is  1°  20',and  the  nodes movceastward  about 
1'  in  a  year. 

180.  The  revolution  in  this  orbit  is  completed  in  4332S 
itjt,  and  areas  are  described  proportional  to  the  times. 

Proceeding  in  the  same  manner,  we  discover  thai 
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the  plaaets  Mars,  Saturn,  and  the  one  diaoovered  by  Dr 
Herschel  in  1781,  are  always  found  in  the  circumference  of 
eUipseSy  with  the  Sun  in  one  focus,  and  describe  round  him 
areas  proportional  to  the  times. 

The  chief  circumstances  of  their  motions  are  stated  as 
follows : 

Mean  Dittatice.        EeeeniricUy.        Period  in  Deiifu 

Georgian  planet      1908584  90738  80456,07 

Saturn    ...    -  963941  63810  10759,27 

Mars    ....     152369  14218  686,98 

133.  Two  other  bodies  have  lately  been  detected  in  the 
•planetary  regions,  revolving  round  the  Sun  in  orbits  which 
do  not  seem  very  eccentric,  and  seem  placed  between  those 
of  Mars  and  Jupiter.  The  first  was  observed  in  1801  by 
Mr  Piazzi  of  Palermo,  and  by  him  named  Ceres.  The 
other  was  discovered  in  1802  by  Mr  Olbers  of  Bremen, 
who  has  called  it  Pallas.  They  are  exceedingly  small, 
and  we  have  seen  too  little  of  their  motions  as  yet  to  en- 
able us  Jto  state  their  elements  with  any  precision.* 

138.  Thus  it  has  been  discovered,  that,  while  the  Sun 
revolves  round  the  Earth,  the  six  planets  now  mentioned 
are  always  found  in  the  circumferences  of  ellipses,  having 
the  Sun  in  one  focus,  and  that  they  describe  round  the 
Sun  areas  proportional  to  the  times. 

184.  But  now,  instead  of  supposing  that  the  centre  of  a 
small  epicyle  is  carried  round  the  circumference  of  a  great- 
er deferent  circle,  different  for  each  planet,  we  may  rather 
consider  the  Sun's  orbit  round  the  Earth  as  the  only  de- 
ferent circle,  and  suppose  that  the  planets  describe  their 

*  The  following  are  the  chief  circttmstaiices  of  their  motions ;  the 
mean  distance  of  the  Earth  hdng  100^000. 

Mean  distance.  Ecoentricitjr.  Period  in  Days. 

Pallas,    -    279100  24630  1703^  17^  Sider.  Revol. 

Ceres,     .     276^00  6141  1681    12   Tropical  ditto. 

Juno,  -     -  265700  25096  1588           Ditto. 

Vesta,     -     237300  9322  1155           Ditto.            Ed. 
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gnat  riKptical  qncyclet  round  him  with  difTercut  pciiuds, 
while  he  moves  round  the  Earth  in  a  year.  Tlic  real  mo- 
(imoTthc  pUneU  are  still  the  same  looped  curves  in  both 
ettes.  For,  in  either  case,  the  motion  »t'  a  planet  is  com* 
poimdtd  of  the  same  motions.  But  the  latter  supposition 
9  much  nwre  probable.  We  can  scarcely  conceive  tlie 
aoiion  of  Jupiter  in  the  epicycle  qr  s  a&  having  any  pliy- 
Mcal  rcUtion  to  its  centre,  a  mere  mathemaUcal  point  of 
tpacft  We  cannot  consider  tliis  point  as  having  any  pby- 
soaJ  propertin  that  shall  influence  the  moUons  oi  the  pla- 
iwL  Thu  fxnnt  also  is  supposed  to  be  in  motion,  carrying 
villi  it  the  influence  by  which  tlie  planet  is  retained  in  the 
aivunfercnce  of  the  epicycle.  This  is  another  inconceiv- 
able orrumstance.  This  combination  of  circles,  theretbre, 
caoDot  be  onosidered  as  any  thing  but  a  mere  mathemati- 
cal hypoUicns,  to  furnish  some  means  of  calculation,  or  for 
the  jebneatJon  of  tlie  looped  palh  of  the  planet.  Accord- 
ing!/, the  first  proposcTE  of  these  epicycles,  sensible  of 
the  mere  nothingness  of  their  centre,  and  the  impossibility 
ofaniithing  moving  in  the  circumference  of  a  circle,  and 
drawing  a  planet  along  with  it,  farther  supposed  that  the 
c^Mcycles  Were  vast  solid  transparent  globes,  and  that  the 
plana  was  a  luminous  point  or  star,  slicking  in  the  surface  . 
of  ikis  globe.  Anti,  to  complete  the  hypothesis,  they  sup 
paced  that  the  globe  turned  round  itii  centre,  carrying  the 
f^H  mund  with  it,  and  thus  produced  the  direct  and  rc- 
tn^gtade  motions  tliat  wc  observe.  Aristotle  taught,  that 
this  mutioo  was  effected  by  the  genius  of  the  planet  resid- 
ing in  the  globe,  and  directing  it,  as  the  mind  of  man  di- 
tBcto  his  raoUons.  But,  lunher,  to  account  for  the  motion 
rf  this  globe  in  the  circumference  of  the  deferent,  tlie  an- 
dtnt  [dtiloaoplicrs  sup|)oscd,  that  the  deferent  was  also  a 
*itt  crystaUine,  or,  at  least,  transparent  matenal  spherical 
•bdl.  turning  round  the  cartJ),  and  that  this  shell  was  of 
«ffideoL  thickness  to  receive  the  epicyelic  globe  within  its 
«iid  Bubtlance,  not  adhering,  but  at  liberty  to  turn  round 
itc  own  ivntrc.     This  bypolliesis,   ihougli   more  like  the 
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draam  of  a  feverish  man  than  the  dioughts  of  one  in  hii 
senses,  was  received  as  unquestionable,  from  the  time  of 
Aristotle  till  that  of  Copernicus.  It  is  scarcely  credible, 
that  thinking  men  should  admit  its  truth  for  a  minute,  even 
in  its  most  admissible  form.  But  as  the  art  of  observing 
improved,  it  was  found  necessary  to  add  another  epicycle 
to  the  one  already  admitted,  in  order  to  account  for  an  an- 
nual inequality  in  the  epicydical  motion.  Thb  was  a  smail 
transparent  globe,  placed  where  Aristotle  placed  the  planet, 
and  the  planet  was  stuck  on  Us  suHace.  Even  this  was 
found  insufficient,  and  another  set  of  ejncydes  were  added, 
liU,  in  short,  the  heavens  were  filled  with  sotid  matta*.  It 
is  needless  to  say  any  more  of  this  efncyclical  doctrine  and 
machinery. 

185.  But  the  other  mode  of  conceiving  the  planetary 
motions,  while  it  equally  furnishes  the  means  of  calculation 
.  or  graphical  operation,  has  much  more  the  appearance  of 
reality.  *  The  Sun^s  motion  is  round  the  Earth,  which  we 
are  naturally  disposed  to  think  the  centre  of  the  world ; 
and  the  planets  revolve,  not  round  a  mathematical  point, 
a  nothing,  but  round  the  Sun,  a  real  and  very  remarkable 
substance. 

136.  Kepler,  to  whom  we  are  indebted  for  this  discovery 
of  the  elliptical  mcSidons,  and  the  equable  description  of 
areas,  also  observed,  that  the  squares  of  the  periodic  times 
in  these  ellipses  are  proportional  to  the  cubes  of  the  mean 
distances  from  the  Sun.  He  also  observed  the  same  anal- 
ogy with  respect  to  the  Sun^s  period  and  distance  from  the 
Earth. 

187.  The  distances  here  alluded  to  are  all  taken  fiom  a 
scale  of  equal  parts,  of  which  the  Sun^s  mean  distance  from 
the  Earth,  contains  100000.  But  astronomers  wish  to 
know  the  absolute  quantity  of  those  distances  in  some 
known  measures.  This  may  be  learned  by  means  of  the 
parallax  of  any  one  of  the  planets.  Thus,  let  Mars  be  in 
M,  (Fig.  14.)  and  let  his  distance  from  some  fixed  star  C 
be  observed  by  two  persons  on  the  surface  of  the  Eartli  at 
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A  md  6.  The  difTerence  G  D  of  the  observed  distances 
C  G,  C  D,  will  give  the  angle  D  M  G,  or  its  eciua!  A  M  B. 
Tbe  angles  MAR  niid  MBA  are  given  hy  observation, 
nd  (he  line  A  B  is  ^ven  ;  and  therefore  A  M,  sod  oon- 
tc^ently  E  M,  may  be  computed  in  miles. 

The  transit  of  Venus  across  the  Sun's  disic  affords  much 
better  obsen-ations  for  this  purpose.  For,  at  the  time, 
Vemu  'a  much  nearer  to  the  Earth  than  Mars  is  when  in 
(fpooticMi,  their  distances  from  us  being  nearly  as  38  to 
SS.  Therefore  the  di&tance  between  the  observers  will 
»  larger  angle  at  Venus.  This  may  be  measured 
between  the  apparent  tracks  of  Venus  acroas 
disk.  A  spectator  in  Lapland,  for  example,  sees 
tlie  line  C  D,  (Fig,  15  )  while  one  at  the 
C^  of  Good  Hope  sees  her  move  in  the  line  A  B.  Also, 
as  C  D  ii  a  shorter  chord  than  A  B,  the  transit  will  occupy 
len  ftne.  This  difference  in  time,  amounting,  in  some 
fertunalr  cases,  to  many  minutes,  will  give  a  very  exact 
neuoeof  the  interval  between  (hose  two  chords. 

IS&  Ihv  transits  in  1761  and  1760  were  employed  for 
fiat  ptnpoK,  at  the  earnest  rec(»nniendation  of  Dr  Ed- 
Dund  Halley.  From  those  observationB,  comlnned  with 
the  pnportiana  deduced  from  Kepler's  third  law,  we  may 
MRHne  the  following  distances  from  the  Sun  m  English 
Male  miln,  as  pretty  neoi-  tlie  Uuth. 

TbeSsnh        -        ■  93,726,900 

-      Mereury  .         .  S6,S81.700 

Venus        .        -        .  67,795,800 

Mars      ....        142,818,000 
Jupiter     .        .  -  487,472,000 

e«turo         -         -         -  894,lt)2,I>00 

Georgian  Planet      -        -     l,789,98S,000» 

'  Ilw  laUowiiig  are  tbe  disunccs  of  tbe  new  planeis,  in  milci : 


Mu  2fi3, 000,000 

863,000,000 


Jano     -     Sit.  00  0,000 
Vmti    -     wa,ooo,ooo   En. 
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Of  {he  Secondary  Planets. 

1S9.  Jujnter  is  observed  to  be  always  aooompaiued  bj 
four  small  planets  called  satellites,  which  revolve  round 
him,  while  he  revolves  round  the  Sun. 

Their  distances  from  Jujnter  are  measured  by  means  of 
their  greatest  elongations,  and  their  periods  are  discovered 
by  their  eclipses,  wh^i  they  come  into  his  shadow,  and  by 
other  methods.  They  are  observed  to  describe  ellipses^ 
having  Jupiter  in  one  focus;  and  they  describe  areas 
round  Jupiter,  which  are  prc^xxrticnial  to  the  dmes.  Also 
the  squares  of  their  periods  are  in  the  proportion  of  the 
cubes  of  their  mean  distances  from  Jupiter. 

140.  It  has  been  discovered,  by  means  of  the  eclipses  of 
Jupiter'^s  satellites,  that  light  is.  propagated  in  time,  and 
employs  about  8'  ll*^  in  moving  along  a  line  equal  to  the 
mean  distance  of  the  Earth  from  the  Sun. 

The  times  of  the  revolutions  of  these  little  bodies  had 
been  studied  with  the  greatest  care,  on  account  of  the  easy 
and  accurate  means  which  thdr. frequent  eclipses  gave  us 
for  ascertaining  the  longitudes  of  places.  But  it  was 
found,  that,  after  having  calculated  the  time  of  an  eclipse 
in  conformi^  to  the  periods,  which  had  been  most  accu- 
rately determined,  the  eclipse  happened  later  than  the  cal- 
culation, in  pnqportion  as  Jupiter  was  farther  from  the 
Earth.  If  an  eclipse,  when  Jupiter  is  in  opposition,  be 
observed  to  happen  precisely  at  the  time  calculated,  an 
eclipse  three  months  before,  or  after,  when  Jupiter  is  in 
quadrature,  will  be  observed  to  happen  about  dght  mi- 
nutes later  than  the  calculated  time.  An  eclipse  happening 
about  nx  weeks  before  or  after  oppoadon,  will  be  about 
four  minutes  later  than  the  calculation,  when  those  about 
the  time  of  Jupiter^s  oppontion  happen  at  the  exact  time. 
In  general,  thb  reiardaiion  of  the  eclipses  is  observed  to 
be  exactly  prc^rtional  to  the  increase  of  Jupiter^s 
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tkm  the  Earth.  It  is  tlip  same  with  respect  to  all  the 
aullites.  This  errnr  greatly  perplexed  the  astronomers, 
till  the  coDuexion  of  it  witli  Jupiter's  change  of  distance 
«>■  reoMrked  by  Mr  Ituemer,  a  Danish  astronomer,  in 
1974.  Aa  soon  as  this  gentleman  took  notice  of  this  con- 
acxioa,  he  concluded  that  the  retardation  ot'  the  eclipse 
was  owhig  to  llie  time  employed  by  the  light  in  cfiintng  to 
vs.  Ttte  nl^llite,  now  eclipsed,  continued  to  be  seen,  till 
ihc  loit  reflected  light  reached  us,  and,  when  the  stream  of 
Bgfat  cntcd,  the  satellite  disappeared,  or  was  eclipsed. 
When  it  haa  passed  tlirough  the  shadow,  and  is  again  il- 
tumiiutrd.  it  is  not  seen  at  that  instant  by  a  spectator  al- 
noat  feur  hundred  millions  of  miles  of!' — it  docs  not  reap- 
pear to  liiin  til!  the  Jirst  reflected  light  reaches  him.  It  is 
nut  till  about  forty  minutes  aAer  being  re-iliuminated  by 
the  3oi»,  ihst  the  first  reflected  light  from  the  satellite 
readies  the  Earth  when  Jupiter  is  in  quadrature, and  about 
thirty-two  minutes  when  he  is  in  opposition. 

TTiis  mgenious  inference  of  Mr  Roemer  was  doubted  for 
xme  time,  bin  most  of  the  eminent  philosophers  agreed 
»iih  him.  Il  became  more  probable,  as  the  motions  of 
.ihe  loletlile^i  were  more  accurately  delincd ;  and  it  recaved 
otmplctc  confirmation  by  Dr  Bradley  discovering  another, 
•nd  Tcry  dilTercnt  consequence  of  the  progressive  motion 
of  Eght  from  the  fixed  stars  and  planets.  This  will  be 
eDOBilered  afterwards ;  and,  in  the  mean  lime,  it  is  evinced 
that  tighi|  or  the  cause  of  vision,  is  propagated  in  Ume, 
ami  requires  about  1ti|  minutes  to  move  along  the  diame> 
ler  of  tin-  tfun's  orbit,  or  about  8'  11"  to  come  from  the 
Sun  to  us,  moving  about  SOO.OOO  miles  in  a  second.  Some 
mMgiDc  vision  to  be  produced  by  the  undulation  of  an 
tbMicncdium,  as  sound  is  produced  by  the  undulation 
of  air.  Others  ima^ne  light  to  be  emitted  from  the  lu- 
■innn*  body,  as  a  stream  of  water  from  the  dispcrser  of  a 
•■teriag-pan.  Whichever  of  these  be  the  case,  light  now 
hrtwnc*  A  proper  subject  uf  mechanical  discussion ;  and  ve 
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may  now  speculate  about  its  motioiis,  and  the  forces  winch 
produce  and  regulate  them. 

141.  Saturn  b  also  observed  to  be  accompanied  by  seren 
satdlites,  which  circulate  round  him  in  ellipses,  havii^ 
Saturn  in  the  focus.  They  describe  areas  proportional  to 
the  times,  and  the  squares  of  the  periodic  times  are  pro- 
portional to  the  cubes  of  their  mean  distances. 

142.  Besides  this  numerous  band  of  satellites,  Saturn  is 
also  accompanied  by  a  vast  arch  or  ring  of  coherent  mat> 
ter,  which  surrounds  him,  at  a  great  distance.  Its  diame^- 
ter  is  about  808,000  miles,  and  its  breadth  about  40,000. 
It  is  flat,  and  extremely  thin ;  and  as  it  shines  only  by  re- 
flecting the  Sun's  light,  we  do  not  see  it  when  its  edge  is 
turned  towards  us.  Late  observation  has  shewn  it  to  be 
two  lings,  in  the  same  plane,  and  almost  united.  But  that 
they  are  separated,  is  demonstrated  by  a  star  being  seen 
through  the  interval  between  them.  Its  plane  makes  an 
angle  of  S9^  or  30^  with  that  of  Saturn's  orbit ;  and  when 
Saturn  is  in  11'  80^,  or  5'  80°,  the  plane  of  the  ring  passes 
through  the  Sun,  and  reflects  no  light  to  us. 

143.  In  1787,  Dr  Herschel  discovered  two  satellites  at- 
tending the  Georgian  planet;  and  in  1798,  he  discovered 
four  more.  Their  distances  and  their  periodic  times  ob- 
serve the  laws  of  Kepler ;  but  the  po»ti<Ni  of  their  orbits 
is  peculiarly  interesting.  Instead  of  revolving  in  the  order 
of  the  ^gns,  in  planes  not  deviating  far  from  the  ecliptic, 
th^  orbits  are  almost,  if  not  precisely  perpendicular  to  it ; 
so  that  it  cannot  be  said  that  they  move  either  in  the  order 
of  the  ^gns,  or  in  the  opposite. 

144.  Thus  do  they  present  a  new  [problem  in  physical 
astronomy,  in  order  to  ascertain  the  Sun's  influence  on 
ihm  motions— the  intersection  of  their  nodes,  and  the  other 
disturbances  of  their  motions  round  the  planet 

145.  They  also  shew  the  mistake  of  the  cosmogonists, 
wl^  would  willingly  ascribe  the  general  tendency  of  the 
planetary  motions  from  west  to  east  along  the  ecliptic  ta 
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the  infliMnoe  of  flcme  general  mediaiiioal  impuldon,  io- 
itrodiiig  us  how  the  world  may  he  made  as  we  see  it 
TkeK  peqiendicular  cMts  are  ineoinpatible  with  the  sup- 
pOKd  influenoe. 

OfAe  RoUaion  tfike  Heavenly  Bodies. 

146.  In  1611»  Sdianer^  professor  at  Ingdstadt^  ob- 
Hr?cd  spots  on  the  disk  of  the  Sun,  whieh  come  into  view 
on  the  eastern  limb,  move  across  his  disk  in  parallel  circles, 
disappear  on  the  western  limb,  and,  after  some  time,  again 
appear  on  the  eastern  limb^  and  repeat  the  same  motions. 
Hence  it  ia  infemd  that  the  Sun  revdives  from  west  to  east 
ia  the  ^Moe  of  25^  14^  12',  round  an  axis  inclined  to  the 
piane  of  the  e^ptic  7^  degrees,  and  having  the  ascending 
node  of  his  equator  in  longitude  8*  1<K. 

PUloaophers  have  formed  various  opinions  conoemii^ 
the  nature  of  these  spots.  The  most  probable  is,  that  the 
Sun  consists  of  a  dark  nucleus,  surrounded  by  a  luminous 
covoring,  and  that  the  nucleus  is  sometimes  laid  bare  in 
particular  places.  Fcur  the  general  appearance  of  a  spot 
dniing  its  revolution  is  like  Fig.  15. 

147.  A  series  of  most  interesting  observations  has  been 
lalety  made  by  Dr  Herschel,  by  the  help  of  his  great  tele^ 
scopea.  These  observations  are  recorded  in  the  Philoso- 
phical TransactioDs  for  the  years  1801  and  180S.  They 
lead  to  very  curious  conduuons  respecting  the  peculiar 
cnmtitulion  cS  the  Sun*  It  would  seem  that  the  Sun  is 
immediately  surrounded  by  an  atmosphere,  heavy  and 
tranqparenty  like  our  air.  This  reaches  to  the  height  of 
several  thousand  miles.  On  this  atmosphere  seems  to  float 
a  stratum  of  shining  clouds,  also  some  thousands  of  miles 
in  thickness.  It  is  not  clear,  however,  that  thb  cloudy 
stratum  shines  by  its  native  light.  There  is  above  it,  at 
some  distance,  another  stratum  of  matter,  of  most  dazaling 
^^lendour.  It  wouldseem  that  it  is  this  alone  which  illumi- 
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nates  the  whole  planetary  system,  and  also  the  clouds  be- 
low it.  This  resplendent  stratum  is  not  equally  so,  but 
most  luminous  in  irregular  lines  or  ridges,  which  cover  the 
whole  disk  like  a  very  close  brilliant  network.  Something 
of  this  appearance  was  noticed  by  Mr  James  Short,,  in 
1748,  while  observing  a  total  eclipse  of  the  Sun,  and  is 
mentioned  in  the  Philosophical  Transactions.  Some  ope- 
ration of  nature  in  this  solar  atmosphere  seems  to  produce 
an  upward  motion  in  it,  like  a  blast,  which  causes  both  the 
clouds  and  the  dazzling  stratum  to  remove  from  the  spot, 
making  a  sort  of  hole  in  the  lununous  strata,  so  that  we 
can  see  through  them,  down  to  the  dark  nucleus  of  the  Sun. 
Dr  Herschel  has  observed,  that  this  change,  and  this  de- 
nudation of  the  nucleus,  is  much  more  frequent  in  some 
particular  places  of  the  Sun's  disk.  He  has  also  observed 
a  small  bit  of  shining  doud  come  in  at  one  side  of  an  open- 
ing, and,  in  a  short  time,  move  across  it,  and  disappear  on 
the  other  side  of  the  opening ;  and  he  thinks  that  these 
moving  clouds  are  considerably  below  the  great  cloudy 
stratum. 

148.  Dr  Herschel  is  disposed  to  think,  that  the  upper 
resplendent  stratum  never  shines  on  the  nucleus,  not  even 
when  an  opening  has  been  made  in  the  stratum  of  clouds. 
For  he  remarks,  that  the  upper  stratum  is  always  much 
more  driven  aside  by  what  produces  the  6pening  than  the 
clouds  are ;  so  that  even  the  most  oblique  rays  from  the 
splendid  stratum  do  not  go  through,  being  intercepted  by 
the  border  of  clouds  which  immediately  surround  the  open- 
ing. 

149.  From  Dr  HerscheTs  description  of  this  ;wronderful 
object,  we  are  almost  led  to  believe  that  the  surface  of  the 
Sun  may  not  be  scorched  with  intolerable  and  destructive 
heat.  It  not  unfrequently  happens,  that  we  have  very 
cold  weather  in  summer,  when  the  sky  is  overcast  with 
thick  clouds,  impenetrable  by  the  direct  rays  of  the  Sun. 
The  curious  observations  of  Count  Rumford  of  the  man- 
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Mf  in  which  heat  \s  most  copiously  communicated  through 
fiiud  substances,  coocur  with  what  we  knew  before,  to  shew 

tthat  even  an  intense  heat,  communicated  by  radiation 
be  upper  surface  of  the  shining  clouds  by  the  dazzling 
tmn  above  them,  may  never  reach  far  down  through 
ibnr  thickness.  With  much  more  confidence  may  we  af- 
firm, that  it  would  never  warm  the  transparent  atmosphere 
below  those  clouds,  nor  scorch  the  firm  surface  of  the  Sun. 
[I  is  far  from  being  improbable,  therefore,  that  the  surface 
na^nol  be  imin habitable,  even  by  creatures  like  ourselves. 
If »,  there  is  presented  to  our  view  a  scene  of  habitation 
13.000  limes  bigger  than  the  surface  of  this  Earth,  and 
J»ut  50  times  greater  than  those  of  all  the  planets  added 
K^her. 

150.  S'unilar  observations,  6rBt  made  by  Or  Hooke,  in 
1S64,  on  spots  in  ihe  disk  of  Jupiter,  show  that  he  re- 
Tolm  from  west  to  east  in  9^  56',  round  an  axis  inclined 
to  the  plane  of  his  orbit  Si".  It  is  also  observed,  tliat  his 
equttoreal  diameter  is  to  his  axis  nearly  as  14  to  13. 

151.  There  are  some  remarkable  circumstances  in  the 
TDtUioa  of  this  planet.  The  spots,  by  whose  change  of 
plueon  the  disk  we  judge  of  the  rotation,  are  not  perma- 
nent, any  more  than  those  observed  on  the  Sun's  disk. 
We  must  therefore  conclude,  that  either  the  surface  of  the 
pIsDtt  is  subject  to  very  considerable  variations  of  bright- 
Ka,  «■  lliat  Jupiter  is  surrounded  by  a  cloudy  atmosphere. 
The  kst  is,  of  itself,  tlie  most  probable,  and  it  becomes  still 

■■CR  SQ  from  another  circumstance.     There  is  a  certain 

^■kof  the  planet  that  is  sensibly  brighter  than  the  rest, 

^Bltometimes  remarkably  so.     It  is  known  to  be  one  and 

^Btame  part  by  its  situation.     This  spot  turns  round  in 

^Hlitwhat  less  time  than  the  rest.     That  is,  if  a  dark  spot 

^^Btitis  during  several  revolutions,  it  is  fomxl  to  have  se- 

JWated  u  little  from  this  bright  Fpot,  to  the  [ei\  hand,  ihat 

B,  to  the  westward.    There  is  a  minute  or  tw  o  of  difference 

between  the  rotation  of  Jupit«r,  as  deduced  from  the  swc- 

VoL.  III.  E 
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emiwe  appewiuioes  of  the  hHght  spot,  and  that  deduced 
CevAi  oboerratioiis  made  ob  the  others. 

IBi*  These  circainstaDoes  lead  us  to  imagine,  that  Ju- 
pker  is  really  covered  with  a  doudy  atmosphere,  and  that 
this  has  a  alow  motion  from  east  to  west  relatire  to  the  sur- 
Ace  of  the  planet  The  rtriped  appearances,  called  Belts 
or  Zones,  are  undoubtedly  the  ^ect  (^  a  difference  of  cli- 
mate. They  are  disposed  with  a  certain  regularity,  gen- 
erally occupying  a  complete  round  of  his  surface.  Mr 
Schroetcr,  who  has  minutely  studied  their  appearances  for 
a  long  tXBct  of  time,  and  with  excellent  glasses,  says,  that 
the  changes  in  the  atmosphere  are  very  anomalous,  and 
oftm  very  sudden  and  extensive ;  in  short,  there  seems  aU 
most  the  same  unsettled  weaUier  as  on  this  globe.  He 
does  not  imagine  that  we  ever  see  the  real  surface  of  Ju- 
piter ;  and  even  the  bright  spot  which  so  firmly  maintains 
its  ntuation,  is  thought  by  Schroeter  to  be  in  the  atmo&- 
|ibere.  The  general  current  of  the  clouds  is  from  east  to 
west,  like  our  trade*winds,  but  they  often  move  in  other 
directions.  The  motion  b  also  frequently  too  rapid  to  be 
thought  the  transference  of  an  individual  substance;  it 
more  resembles  the  rapid  propagation  q£  some  short-lived 
diange  in  the  state  of  the  atmosphere,  as  we  often  observe 
in  a  thunder  storm.  The  axis  of  rotation  is  almost  perpen- 
dicolar  to  the  plane  of  the  orbit,  so  that  the  days  and 
nig^its  are  always  equal. 

1S8.  The  rotation  of  Mars,  first  observed  by  Hooke 
and  Caasini  in  1666,  is  still  more  remarkable  than  that  of 
Jupter.  The  surface  of  the  planet  is  generally  of  unequal 
brightness,  and  something  like  a  permanent  figure  may  be 
obanrved  in  it,  by  which  we  guess  at  the  time  of  the  rota- 
tion. But  the  figure  is  so  ill  defined,  and  so  subject  to 
oonsiderable  changes, .  that  it  was  long  before  astronomers 
oould  be  certain  of  a  rotation,  so  as  to  ascerta'n  the  time. 
Dr  Herschel  has  been  at  much  pains  to  do  this  with  accu- 
ncy,  and,  by  <*omparing  many  succesnve  apparitions  of 
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dbeMme  nbjccU,  he  tias  found  that  the  time  of  a  rcvtdttb  i 
tiM  »  84  hours  and  40  minutes,  round  an  axis  inclined  M 
(he  plane  uf  the  <x:liptic  in  an  angle  of  nearly  60  degree!) 
but  nailing  an  angle  of  61*'  18'  witli  Inn  uwn  orbit. 

154.  It  is  midsummer-day  in  Mars  when  he  is  in  long,  j 
II'  19*  from  uur  vernal  equinox.     As  the  planet  is  of  ■ 
very  oblate   form,  and  probably  hollow,  tlicre  may  be  ■ 
conndenble  precession   of  hie  eijuinoctial   gmints,   by  il 
diu^  in  the  direction  of  his  axis. 

I5&  Being  so  much  inclined  to  the  eclipUc,  the  polei  1 
of  Man  come  into  sight  in  the  courae  at  a  rcvolulim^j 
When  ejthrr  pole  conies  first  into  view,  it  is  observed  I 
be  mnariubly  brighter  than  the  rest  of  the  disk.  Thil  I 
brigbtnns  gradually  diminishes,  and  is  generally  altogether  1 
gnne,  before  tliis  pole  goes  out  of  sight  by  the  change  dt  1 
the  planefs  position.  The  other  pole  now  comes  inid  * 
new,  md  eidiibits  similar  appearances. 

156.  This  appearance  of  Mars  greatly  resembles  what  i 
oar  own  globe  will  exhibit  to  a  spectator  placed  on  VenuR  j 
or  Mercury.  The  snows  in  the  colder  climates  diminidt  1 
during  summer,  and  are  renewed  in  the  ensuing  winten  J 
The  appearances  in  Mars  may  either  be  owing  to  snows,  or  I 
to  dense  clouds,  which  condense  on  his  circumpolar  regiooi  I 
duiiDg  liiH  winter,  and  are  dissipated  in  summer.  Dr  Ha*  I 
»chd  remarks,  that  the  atmosphere  of  Mars  extends  to  •  I 
Wfy  Knnblc  distance  from  Ins  disk. 

157.  Observers  are  not  agreed  as  to  the  time  of  the  rOi  1 
titian  of  Venus.  Some  think  that  she  turns  round  her  4 
m'u  in  23",  and  ot)iers  make  it  23  dnj-s  and  S  hours.  Tht  % 
uwertMitiiy  is  owing  to  the  very  small  time  allowed  tor  o^  A 
•trration,  Venus  never  being  seen  for  more  than  tliraC  i 
nowra  at  a  thne,  §n  that  the  cliange  of  appearance  that  w»  J 
inum,  day  afler  day,  may  eitlier  be  a  part  of  a  slow  n^*! 
tukn,  or  Riorv  than  a  complete  rotation  made  in  a  short  ■ 
linw.  Indeed  no  di»linrt  njwts  have  i>c«i  observed  in  hw  ' 
A«4  iince  tlie  liine  of  Uie  elder  C'lwsini,  al»ut  die  middlt  J 
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of  the  seventeenth  century.  Dr  Heischel  has  always  ob« 
served  her  covered  with  an  impenetrable  cloud,  as  white  as 
snow,  and  without  any  variety  of  appearance. 

158.  The  Moon  turns  round  her  axis  in  the  course  of  a 
periodic  month,  so  that  one  face  is  always  presented  to  our 
view.  There  is  indeed  a  very  small  libration,  as  it  is 
called,  by  which  we  occasionally  see  a  little  variation,  so 
tliat  the  spot  which  occupies  the  very  centre  of  the  disk, 
when  the  Moon  is  in  apogee  and  in  perigee,  shirts  a  little 
to  one  side,  and  a  little  up  or  down.  This  arises  from  the 
perfect  uniformity  of  her  rotation,  and  the  unequal  motion 
in  her  orbit  As  the  greatest  equation  of  her  orbital  mo- 
tion amounts  to  litde  more  than  5o,  this  causes  the  central 
spot  to  shift  about  g\  of  her  diameter  to  one  side,  and,  re- 
turning  again  to  the  centre,  to  shift  as  far  to  the  other  side. 
She  turns  always  the  same  face  to  the  other  focus  of  her 
ellipUcal  orbit  round  tlie  Earth,  because  her  angular  mo- 
tion round  that  point  is  almost  perfectly  equable. 

159.  It  has  been  discovered  by  Dr  Herschel,  that  Sa- 
turn turns  round  his  axis  in  10^  16',  and  that  his  ring 
turns  round  the  same  axis  in  10*^  32^'.  This  axis  is  in- 
clined to  the  ecliptic  in  an  angle  of  60°  nearly,  and  the  in- 
tersection of  the  ring  and  ecliptic  is  in  the  line  passing 
through  long.  6*  20**  and  11'  80*^.  We  see  it  very  open 
when  Saturn  is  in  long.  9?  20®,  or  S*  SO*' ;  and  its  length 
is  then  double  of  its  apparent  breadth.  It  is  then  mid- 
summer and  midwinter  on  Saturn.  When  Saturn  is  in 
the  line  of  its  nodes,  it  disappears,  because  its  plane  passes 
through  the  Sun,  and  its  edge  is  too  thin  to  be  visible.  It 
thines  only  by  reflecting  the  Sun's  light  For  we  some- 
times see  the  shadow  of  Saturn  on  it,  and  sometimes  its 
shadow  on  Saturn.  It  will  be  very  open  in  1811.  Just 
now  (1803)  it  is  extremely  slender,  and  it  disappeared  for 
a  while  in  the  month  of  June.  Its  diameter  is  above 
800,000  miles,  almost  half  of  that  of  the  Moon's  orbit 
Tound  the  ^larth. 
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••  160.  No  rotation  caai  be  observed  tii  Mercury,  oa  oo? 

count  of  his  apparent  minuleneas,*  nor  is  any  observed  ia  .' 

the  Georgian  planet  for  tlie  same  reason. 

161.  Many  pbiiosophers  have  imagined,  lliat  the  Earth 

Kvolves  round  its  axis  in  23"  56'  4"  from  west  to  east  { 
and  that  tliis  is  the  cause  of  the  observed  diurnal  motion 
of  the  heavi-ns,  which  is  therefore  only  an  appearance.  It 
mint  be  acknowledged,  that  the  appearances  will  be  the 
use,  and  that  we  must  be  iDsensibte  of  the  motion.  There 
are  also  many  circumstances  whicli  render  thi&  rotadm 
nn  probable. 

16^.  1.  All  the  celestial  motions  will  be  rendered  i 
camiKirably  more  moderate  and  simple.  If  the  heavcoa 
rally  turn  round  the  Earth  in  23''  56'  4",  the  motion  of  | 
ibc  Suii,  or  of  any  of  the  planets,  is  swifter  than  any  a 
\Ma  of  whicii  we  have  any  measure,  and  this  to  a  degt 
ilacal  beyond  conception.  Tho  motion  of  the  Sun  would  ', 
bea»,0O()  times  swifter  than  tliat  of  a  tannon  ball.  That 
of  iIk  Georgian  planet  will  be  twenty  times  greater  ibsa 
tfiia.  If  die  Earth  turns  round  its  axis,  die  swiftest  n 
lioD  necessary  tor  the  appearances  is  that  of  the  Earttf* 
txpabrt,  whidi  docs  not  exceed  that  of  a  cannon  ball. 

Tlie  motions  also  become  incompai'ably  simpler.  Fov  ' 
liw  combinalion  of  diurnal  motion  widi  the  proper  motion 
of  the  planets  makes  it  vastly  mure  complex,  and  Impossi- 
blt  to  account  for  on  any  mechanical  principles.  Thi> 
£uKtal  motion  must  vary,  in  all  the  planets,  by  tii^ 
(liuige  of  declination,  being  about  I  slower  when  they  ar# 
KW  llie  tropics.  Yet  we  cannot  conceive  that  any  phyaU 
cd  relation  can  subsist  between  the  orbital  motion  of  • 
planet  and  die  position  of  the  Earth's  equator,  sufiicieiit 
fa  producing  such  a  change  in  the  planet's  motion.     Se- 


'  "theiiamal  rototioD  of  Mcrniryhasbeen  fmiud  lo  be  pCTformed 
flW*(*S»".    Juno  i<  conjectuml  to  revohi;  iu  about  37  hoiu^ 
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flideSi  the  axis  of  diurnal  revolutioa  is  fiur  finom  being  the 
■ame  jurt  now  and  in  the  time  of  Hipparohut.  Just  now^ 
it  passes  near  the  star  in  the  extremity  of  the  tail  of  the 
Little  Bear.  When  Hipparchus  observed  the  heavens,  it 
passed  near  the  snout  of  the  Camelopard.  It  is  to  the  last 
degree  improbable,  that  every  olgect  in  the  universe  has 
cfaai^ied  its  qiptioii  in  this  manner.  It  must  be  supposed 
that  all  have  changed  their  motions  in  different  degrees^ 
yet  all  in  a  certain  precise  order,  without  any  connexion  or 
mutual  dependance  that  we  can  conceive. 

16a  St.  There  is  no  withholding  the  belief,  that  the 
Sun  was  intended  to  be  a  source  of  fight  and  genial  warmth 
to  the  cnrganiaed  beings  which  occupy  the  surface  of  our 
globe.  How  much  more  amply,  easily,  and  beautifully, 
this  is  effected  by  the  Eartfa'^s  rotation,  and  how  much 
more  agreeably  to  the  known  economy  cf  nature ! 

164.  3.  This  rotation  would  be  analogous  to  what  is 
observed  in  the  Sun  and  most  of  the  planets. 

165.  4.  We  observe  phenomena  on  pur  globe  that  are 
necessary  consequences  of  rotation,  but  cannot  be  account- 
ed for  without  it.  We  know  that  the  equatoreal  r^ions 
are  about  twenty  miles  higher  than  the  circumpo]ar ;  yet 
the  waters  of  the  ocean  do  not  quit  this  elevation,  and  re- 
tire and  inundate  the  poles.  This  may  be  prevented  by  a 
proper  degree  of  rotation.  It  may  be  so  swift,  that  the. 
waters  would  all  flow  toward  the  equator,  and  inundate 
the  torrid  zone ;  nay,  so  swift,  that  every  thing  loose 
would  be  thrown  off,  as  we  see  the  water  dispersed  from  a 
twhrled  mop.  Now,  a  very  simple  calculation  will  shew  us, 
that  a  rotation  in  83*"  56^  is  precisely  what  will  balance  the 
tendency  of  the  waters  to  flow  from  the  elevated  equator 
towards  the  poles,  and  will  keep  it  uniformly  spread  over 
the  whole  qphermd.  We  also  observe,  that  a  lump  of 
ipatter  of  any  kind  weighs  more  (by  a  spring  steelyard)  at 
Spitibergen  than  at  Quito^  and  diat  the  diminution  of 
gravity  is  predsely  what  would  arise  from  the  supposed 
rotation,  vis.  ^J,. 
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Thrrc  are  arguments  which  pve  th«  most  coonnoing 
dflnoMtnitioo  of  the  Earth's  rotation. 

166.  1.  Did  the  henrent  turn  round  the  Earth,  aa  has 
tag  b«n  believed,  it  is  almost  certain  that  no  r.nciuioil 
filed  star  rould  be  eovn  by  ur.  For  it  is  highly  probably  1 
thai  light  is  on  nnissioo  of  matter  from  the  luminous  bo- 
dr.  If  this  be  the  ca»e,  siidi  n  the  distance  of  any  fixed 
«ur  A,  (Pig.  16.)  that,  when  its  velocity  AC  is  com- 
pntnled  with  the  velocity  of  light  emitted  in  any  direction 
AB,  or  Ab,  it  would  produce  a  motion  in  a  direction 
AD,  or  Ad,  which  wuuld  never  rench  tlie  Earth,  or 
vtadl  might  dianu:  to  reach  it,  but  with  a  velocity  infi- 
nitrly  brlow  the  kiioirn  velocity  of  light ;  and,  in  any  hy- 
polheau  concemtng  tlie  nature  of  light,  the  velotnty  of  the 
light  by  whi(^  we  sec  tlie  circumpukr  stars,  must  greatly 
etCBtd  that  by  which  we  sec  the  equatisreal  etari.  AU 
Uw  n  ooolmry  to  obaervatiuu. 

i.  Tbv  shadow  of  Jupiter,  also,  should  deviate  greatljr 
baa  the  line  drawn  from  the  Sun  to  Jupiter,  just  aa  we 
ta  » ahip'a  vane  deviate  fi-om  the  direction  of  the  wiud^  • 
vtwD  she  M  niUng  briskly  octogs  that  direction.  If  the  ' 
(fanmal  riTVolutinn  is  n  real  motion,  when  Jupilcr  is  in  ofk> 
ixntian,  tits  first  satellite  must  be  seen  to  come  from  be* 
tnad  his  cbsk,  and,  after  appearing  tor  alx>ut  1''  10',  must 
Ir  edipMd.  This  is  also  conuary  to  observation ;  for  tlie 
■laUitet  are  eclipsed  precisely  when  they  cume  into  llioi 
&nc,  irhawn  it  ^ould  happen  niore  than  on  hour  oTlri'. 

Iff?.  We  must  thercftir*  concUide,  that  the  Earth  r«.-. 
«d<re»  round  its  a\is  from   west  to  east  in  fiJ''  5&  i". 
We  fflttst  further  conclude,  from  the  agreement  of  the  a 
osit  and  modem  latitudes  of  places,   that  the  axis  of  tb«  j 
£mb  '»  the  «ttnie  as  formerly ;  but  that  it  changes  itfc  p»»  I 
stien,  OS  we  observe  in  a  top  whoi«  motion  is  nearly  t-pent*  i 
This  ctiaigc  of  position  is  seen  by  the  sliifting  of  the  equi- 
nctial  pomlR.     As  tlieae  make  a  luur  of  the  ecliptic  ia 
i(i9Jil  yearn,  the  pole  of  the  wjuator,  keeping  always  per- 
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peodicular  to  its  plane,  must  describe  a  drde  .round  the 
pole  of  the  ecliptic,  (distant  from  it  23"^  28%  the  inclina- 
tion of  the  equator  to  the  ecliptic.  It  will  be  seen,  in  due 
time,  that  this  motion  of  the  Earth^s  axis,  which  appeared 
M  mystery  even  to  Copernicus,  Tycho  Brahe  and  Kepler, 
is  a  necessary  consequence  of  the  general  power  of  nature 
by  which  the  whole  assemblage  is  held  together ;  and  the 
detection  of  this  consequence  is  the  most  illustrious  speci- 
men of  the  sagacity  of  the  discoverer,  Sir  Isaac  Newton. 

OftJie  Solar  System. 

168.  We  have  seen  (134.)  that  the  planets  are  always 
found  in  the  circumferences  of  ellipses,  which  have  the  Sun 
in  their  common  focus,  while  the  Sun  moves  in  an  ellipse 
round  the  Earth.  The  motion  of  any  planet  is  compound- 
ed of  any  motion  which  it  has  in  respect  of  the  Sun,  and 
any  motion  which  the  Sun  has  in  respect  of  the  Earth. 
Therefore  (92  93.)  the  appearances  of  the  planetary  mo- 
tions will  be  the  same  as  we  have  described,  if  we  suppose 
the  Sun  to  be  at  rest,  and  give  the  Earth  a  motion  round 
the  Sun,  equal  and  opposite  to  what  the  Sun  has  been 
thought  to  have  round  the  Earth.- 

In  the  second  part  of  that  article  concerning  relative 
motion,  it  was  shewn  that  the  relative  motion,  or  change  of 
motion,  of  the  body  B,  as  seen  from  A,  is  equal  and  oppo- 
site to  that  of  A  seen  from  B.  In  the  present  case,  the  dis- 
tance of  the  Sun  from  the  Earth  is  equal  to  that  of  the 
Earth  from  the  Sun.  The  pontion  or  bearing  is  the  (^po- 
site.  .  When  the  Earth  is  in  Aries  or  Taurus,  the  Sun  will 
be  seen  in  Libra  or  Scorpio.  When  the  Eartli  is  in  the 
tropic  of  Capricorn,  the  Sun  will  appear  in  that  of  Cancer, 
and  her  north  pole  will  be  turned  towards  the  Sun ;  so  that 
the  northern  hemisphere  will  have  longer  days  than  nights. 
In  short,  the  gradual  variation  of  the  seasons  will  be  the 
same  in  both  cases,  if  the  Earth^s  axis  keeps  the  same  posi- 
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fion  during  its  rerolution  round  the  Sun.  It  must  do  00, 
if  there  be  00  force  to  change  its  position ;  and  we  see  that 
the  axis  of  the  other  planets  retmn  their  position. 

169.  Then,  with  respect  to  the  planets,  the  appearances 
of  direct  and  retrograde  motion,  with  points  of  station,  will 
abo  be  the  same  as  if  the  Sun  revolved  round  the  Earth. 
That  this  may  be  more  evident,  it  must  be  observed,  that 
our  judgment  of  a  planet's  situation  is  predsely  dmilar  to 
that  of  a  mariner  who.  sees  a  sliip's  light  in  a  dark  night- 
He  sets  it  by  the  compass.     If  he  sees  it  due  norths  and  a 
few  mimiteB  after,  sees  it  a  little  to  the  westward  of  north, 
he  imagines  that  the  ship  has  really  gone  a  little  westward. 
Yet  this  m^t  have  happened,  had  both  been  sailing  due 
east,  provided  that  the  stnp  of  the  spectator  had  been  sail- 
ing faster.     It  is  just  the  same  in  the  planetary  motions. 
If  we  give  the  Earth  the  motion  that  was  ascribed  to  the 
SuD,  the  real  vdodty  of  the  Earth  will  be  more  than  double 
of  the  velocity  of  Jupiter      Now  suppose,  according  to  the 
oH  hypothecs,  the  Earth  at  T  (Fig.  12  )  and  the  Sun  at  •. 
Suppose  Jupiter  in  opposition.     Then  we  must  place  the 
centre  of  his  epicycle  in  A,  and  make  A  a  equal  to  T  «• 
Jupiter  is  in  a,  and  his  bearing  and  distance  from  the 
Earth  is  T  a,  nearly  4-5ths  of  T  A.     Six  weeks  after,  the 
Son  is  in  ^  the  centre  of  Jupiter's  epicycle  is  in  B.     Draw 
Biequal  and  parallel  ioTfi,  and  6  is  now  the  place  of  Ju« 
piter,  and  T  A  is  now  his  bearing  and  distance.     He  has 
changed  his  bearing  to  the  right  hand,  or  westward  on  the 
ecfiptk;  and  his  change  of  position  is  had  by  measuring 
the  angle  a  T  6.    His  longitude  on  the  ecliptic  is  dimmished 
by  this  number  of  degrees. 

170.  Now  let  the  Sun  be  at  T,  according  to  the  new 
hypothesis,  and  let  A  B  E  L  be  Jupiter's  orbit  round  the 
Sun.  Let  Jupiter  be  in  opposition  to  the  Sun.  We  must 
{dace  Jupiter  in  A,  and  the  Earth  in  i,  so  as  to  have  the 
Sao  and  Jupiter  in  opposition.  It  is  evident  that  Jupiter's 
bearing  and  distance  from  the  Earth  are  the  same  as  in  the 
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former  hypothec.  For  Aa  being  equal  to  •  T  we  haw 
I  A,  the  distonce  of  Jupiter  from  the  Earth,  equal  to  T  a 
of  the  former  hypothesis.  Six  weeks  after^  the  Earth  it  at 
f ,  and  Jupiter  at  B.  Join  ^  B,  and  draw  ^  N  parallel  to 
T  A.  It  is  evident  that  the  distance  f  B  of  Jupiter  from 
the  Earth,  is  equal  to  the  distance  T  &  of  the  former  oon- 
Btruction.  Also  the  angle  N  ^  B,  which  is  Jupiter^s  change 
of  bearing,  (by  the  astronomer'^s  compass,  the  edipcic),  is 
equal  to  the  angle  •  T  A  of  the  former  construction.  Jupi- 
ter therefore,  instead  of  moving  to  the  left  hand,  has 
noved  to  the  right,  or  westward,  and  has  diminished  his 
ediptical  bearing  or  longitude  by  the  degrees  in  the  angle 
N>B. 

171.  In  the  same  manner  may  the  apparent  motion  of 
Jupiter  be  ascertained  for  every  situation  of  the  Earth  and 
Jupiter ;  and  it  will  be  found  that,  in  every  case,  the  line 
corresponding  to  ^  B  is  equal  and  parallel  to  the  line  corres- 
pcxidbg  to  T  d ;  thus  r  C  is  equal  and  parallel  to  T  c ; 
a:  D  is  equal  and  parallel  to  T  J,  &c. 

The  apparent  motions  of  the  planets  are  therefore  pre- 
cisely the  same  in  either  hypothesb,  so  that  we  are  left  to 
follow  either  opinion,  as  it  appears,  best  supported  by  other 
arguments. 

172.  Accordingly,  it  has  been  the  opinion  of  some  philo- 
sophers, both  in  ancient  and  modem  times,  that  the  Earth 
is  a  planet,  revolving  round  the  Sun  placed  in  the  focus  of 
its  elliptical  orbit,  and  that  it  is  accompanied  by  the 
Moon,  in  the  same  manner  as  Jupiter  and  Saturn  are  by 
their  sateUites. 

The  following  are  the  reasons  for  preferring  this  opnion 
to  that  contained  in  the  133d  and  185th  articles,  which 
equally  explains  all  the  phenomena  hitherto  mentioned, 
and  is  more  consistent  with  our  first  judgments. 

173.  1.  The  celestial  motions  become  incomparably  more 
nmple,  and  free  of  those  looped  omtortions  which  must 
be  supposed  in  the  other  case,  and  which  are  extremely 
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iDiprabttble,  and  incompauble  with  what  wc  know  of  the 

Uvt  of  motion. 

174.  1L  This  opinion  is  also  more  reasonable,  on  account 
afdw  extreme  minuteness  of  the  Earth,  when  compared 
vilh  the  immense  bulk  of  the  Sun,  Jupiter,  and  Saturn; 
tnd  because  the  Sun  is  the  source  of  hght  and  heat  to  all 
ttieplanctB. 

The  reasons  adduced  in  this  and  tlie  preceding  article 
were  all  that  could  offer  themselves  to  the  philosophers  of 
iBtiquity.  They  had  not  the  telescope,  and  the  satellites 
were  therefore  unknown.  They  had  no  knowledge  of  the 
|o*<naf  nature  by  which  the  planetary  motions  are  pro- 
dnctd  and  regulated ;  their  knowledge  of  dynamical  science 
wu  ntremely  scanty.  Yet  Pythagoras,  Philolaus,  Apol- 
kmiui,  Anaxagoras,  and  others,  maintained  this  opinioa. 
But  tfiey  had  few  followers  in  an  opinion  so  different  frcm 
ourhattttual  thoughts,  and  for  which  they  could  tioly  offer 
some  reasoBS  founded  on  certain  notions  of  propriety  or 
■uiiaMeaeas.  But,  as  men  became  more  conversant,  in 
modem  times,  with  tlie  mechanical  arts,  every  thing  con- 
tttOfd  with  the  motion  of  bodies  became  more  familiar, 
imcl  »a*  better  understood,  and  we  had  less  henwiion  in 
idofAiog  sentiments  unlike  the  Erst  and  most  familiar 
lense.     Other  arguments  now  offered  them- 


3,  If  the  Earth  turns  round  the  Sun,  then  the  ana- 
'een  the  squares  of  the  periodic  limes  and  tho 
the  distances,  will  obtain  in  all  the  bodies  which 
round  a  common  centre ;  whereas  tliis  will  not 
e  with  respect  to  the  Sun  and  Moon,  if  both  turn 
nnd  the  Earth. 

176.  4.  It  is  thought  that  the  motion  of  the  Sun  round 
llw£uth  is  inconsistent  with  the  discoveries  which  have 
Dm  nude  concerning  the  forces  which  operate  in  the  plane- 


In  die  ca 


We  hsTe  seen,  by  an  article  in  dynamics,  combined  with 
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the  third  law  of  motian,  that  neither  can  the  Sun  revo 
round  the  Earth  at  rest,  nor  the  Earth  round  the  Sun  at  n 
but  that  both  must  revolve  round  their  common  centre  of] 
fiition.  It  is  discovered  tliat  the  quanti^  of  matter  in  1 
Sun  is  more  than  300,000  times  that  of  the  matter  in  1 
Earth.  Therefore  the  centre  of  position  of  these  t 
bodies  must  be  almost  in  the  centre  of  the  Sun.  Nay,  if 
the  planets  were  on  one  ^de  of  the  Sun,  the  common  cen 
would  be  very  near  his  centre. 

177.  But,  perhaps,  this  argument  is  not  of  the  gn 
wdght  that  is  supposed.  The  discovery  of  the  proporti 
of  these  quantities  of  matter  seems  to  depend  on  its  beii 
previously  established  that  the  Sun  is  in,  or  near,  t 
centre  of  position  of  the  whole  assemblage.  It  must 
owned,  however,  that  the  perfect  harmony  of  all  the  coi 
paradve  measures  of  the  quantities  of  matter  of  the  Si 
and  planets,  deduced  from  sources  independent  of  ea 
other,  renders  their  accuracy  aliAost  unquestionable. 

178.  6.  It  is  incontestably  proved  by  observation, 
motion  has  been  discovered  in  all  the  fixed  stars,  whi< 
arises  from  a  combination  of  the  motion  of  light  with  tl 
motion  of  the  Earth  in  its  orbit 

Suppose  a  shower  of  InuI  falhng  during  a  perfect  call 
and  therefore  falling  perpendicularly.  Were  it  required 
hold  a  long  tube  in  such  a  position  that  a  hailstone  sliall  fi 
through  it  without  touching  either  side,  it  is  plain  that  tl 
tube  must  be  held  perpendicular.  Suppose  now  that  tl 
tube  is  fastened  to  the  arm  of  a  gin,  such  as  tliose  emplo; 
ed  m  raising  coals  from  the  pit,  and  tliat  it  is  carried  roun< 
with  a  velocity  that  is  equal  to  that  of  the  falling  haU. 
is  now  evident  that  a  perpendicular  tube  will  not  do.  Tl 
hailstones  will  all  strike  on  the  hindmost  side  of  the  tub 
The  tube  must  be  put  into  the  direction  of  the  relaHt 
motion  of  the  hailstones.  Now,  it  was  demonstrate 
that  this  is  tlie  diagonal  of  a  parallelogram,  one  ac 
of  which  is  the  real  motion  of  the  hail,  and  the  other 
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B{iii],-  but  (^[^x»ite,  to  the  motion  o^  the  tube.  Therefore, 
if  the  tube  be  iaclmed  Jbrward,  st  an  angle  of  45",  the  ex- 
painKot  will  succeed,  because  the  tangent  of  this  angle  is 
■jail  to  the  radiuB ;  and,  while  the  hailstone  falls  tvo  feet, 
lk  tube  advances  two,  and  the  hailstone  will  pass  along  the 
tabe  without  touching  it. 

In  the  ver;  same  manner^  if  the  Earth  be  at  rest,  and 
itmntld  view  a  star  near  the  pole  of  the  ecliptic,  the  tele- 
itDpe  must  be  pointed  directly  at  the  star.  But  if  the  Earth 
kin  motioii  round  the  Sun,  the  telescope  must  be  pinnted 
1  Ettle  forward,  that  the  light  may  come  along  the  axis  of 
ibe  tube.  The  propOTtion  of  the  velocity  of  light  to  the 
aqgpated  velocity  of  the  Earth  in  its  orbit  is  nearly  that  of 
1(^000  to  1.     Therefore  the  telescope  roust  lean  about  20" 

Hdf  a  year  after  this,  let  the  same  star  be  viewed  again. 
The  tdoDope  must  agtun  be  pointed  SO"  a-head  of  the  true 
poBtiRK^the  star  :  but  this  is  in  the  opposite  direction  to 
the  fanner  deviation  of  the  telescope,  because  the  Earth, 
bong  DOW  in  the  opposite  part  of  its  orbit}  is  moving  the 
<Aa  vay.  Therefore  the  position  of  the  star  must  appear 
tohne  changed  40'  in  the  ax  months. 

It  is  easy  to  shew  that  the  consequence  of  this  is,  that 
e«ny  Mar  must  appear  to  have  40"  more  longitude  when  it 
it  m  our  meridian  at  ni^t,  than  when  it  is  on  the  meridian 
■t  Dud-day.  The  effect  of  this  composition  of  motions, 
vhick  is  most  susceptible  of  accurate  examinaticHi,  is  the 
fipBowmg.  Let  the  declination  of  some  star  near  the  pole 
of  the  ecliptic  be  observed  at  the  time' of  the  equinoxes.  It 
win  be  found  to  have  40*  more  dedinadon  in  the  autumnal 
Aan  in  the  vernal  equinox,  if  the  observer  be  in  latitude 
60'  SC ;  and  not  much  less  if  he  be  in  the  latitude  of 
London.  Also  every  star  in  the  heavens  should  appear  to 
dacribe  a  little  ellipse,  whose  longer  axb  is  40". 

179.  Now  this  is  actually  observed,  and  was  discovered 
by  Dr  Bradley  about  the  year  1726.  It  is  called  the  a»e»- 
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KAtioK  oi^  THE  FixBD  8TAB8,  and  b  oDe  of  the  most  CHI 
OU8  ttid  most  important  difiocyyeiies  of  the  eighteenth  de 
turjr.  It  b  important,  bj  fumiahing  an  indcmtniTertSi 
proof  that  the  Earth  b  a  planet,  revolving,  like  the  oCber 
round  the  Sun.  It  b  abo  important,  by  shewing  that  ^ 
light  of  the  fixed  stars  moves  with  the  same  vdkxa^  wh 
the  fight  of  the  Sun,' which  illuminates  our  system. 

180.  Thb  arrangement  of  the  planets  b  called  the  CSfl 
naHiCAV  SYSTEM,  having  been  revived  and  establiiha 
by  Copernicus,  represented  in  Fig.  A.  The  other  opinioa 
mentioned  (183),  which  equally  explains  the  general  phi 
nomena,  was  maintained  by  Longom<mtanu& 

181.  Account  of  the  Ptolemaic,  EoYPTiAK,  and  Ttce 
CHIC  systems  (Fig.  B,  C,  D.) 

182.  The  Copemican  system  b  now  universally  admil 
ted ;  and  it  is  fully  established,  1.  That  the  jdanets  am 
the  comets  describe  round  the  Sun  areas  proportional  to  th 
times ;  and  that  the  Moon,  and  the  satellites  of  Jupiter  am 
Saturn,  descnbe  round  the  Earth,  Jupiter,  and  Saturn, 
areas  proportional  to  the  times.  2.  That  the  orbits  deorib 
ed  by  those  bodies  are  ellipses,  having  the  Sun,  or  th 
primary  planet,  in  one  focus.  3.  That  the  squares  d  tb 
periodic  times  of  those  bodies  which  revolve  round  a  com 
nkxi  centre  are  proportional  to  the  cubes  of  th^  mean  £fl 
tanoes  from  that  centre.  These  three  popositions  are  call 
ed  the  LAWS  of  Kspler. 

I8S.  There  b  however  an  objection  to  thb  account  0( 
the  planetary  motions,  which  has  been  thought  formidabb 
Suppose  a  telescope  pointed  in  a  direcddn  perpendicular  ti 
the  plane  of  the  Earth's  orbit,  and  carried  round  the  Sa 
id  thb  position.  Its  axb,  produced  to  the  starry  firmament 
should  trace  out  a  figure  predsdy  equal  and  similar  to  tb 
orbit,  and  we  should  be  able  to  mark  it  among  the  star 
round  the  pole  of  the  ecliptic.  But,  if  thb  be  tried,  w 
find  that  we  are  always  looking  at  the  same  point,  wfaid 
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tlnys  remains  the  centre  of  the  little  ellipse  which  is  the 
diect  of  the  aberrattoii  of  light. 

This  objectiou  was  made,  even  ia  the  schools  of  Greece, 
ta  Aristwclius  of  Sanios,  when  he  used  ha  utmost  endea* 
mtn  to  bring  into  credit  the  later  opinion  of  Pythagoras, 
flldiig  the  Sun  in  the  centre  of  the  eystem.  And  the 
iltwcr  g^ven  by  Aristarcbus  is  the  only  one  that  we  cau 
^  at  the  present  day. 

1$!.  The  only  answer  that  can  be  given  to  this  is,  tliat 
thi  distance  of  the  fixed  star^  is  so  great,  that  a  figure  uf 
nar  200  miUions  of  miles  diameter  is  not  a  sensible  object. 
1\eSt  incredible  as  it  may  seem,  has  notJung  in  it  of  absur- 
iitj,  We  know  tliat  their  distance  is  unmense.  The 
■MUrf*  lt>80  goes  ISO  times  fartlier  from  tlie  Sun  than 
Will  we  must  Biippoae  it  much  farther  from  the 
:,  that  it  may  not  be  atfected  by  it  in  its  motion 
Sun.  Suppose  it  only  twice  as  far,  the  Earth's 
oriiil  traced  among  tlie  stars  would  appear  only  half  the 
(liimeler  of  the  dun.  We  Iiave  telescopes  which  magnify 
llw  ilianeter  of  objeclB  1200  times.  Yet  a  fixed  star  ia  not 
uguBed  by  them  in  the  smallest  degree.  That  is,  tliougli 
irevere  only  at  the  ISOOdth  part  of  our  present  distance 
fnm  U,  it  would  appear  no  bigger.  The  more  perfect  the 
idacopc  is,  tlic  stars  appear  the  smaller.  We  need  not  be 
tlierefore,  that  observation  shews  no  parallax  of 
stars,  not  even  1".  Yet  a  parallax  of  I"  puts 
206,000  times  farther  off  than  the  Sun.  But 
without  bounds,  and  we  have  no  reason  to  think 
tw  our  view  comprehends  the  whole  creation.  On  tlie 
toatrtiy,  it  is  more  probable  that  we  sec  but  an  inconsider- 
ibk  part  of  the  scene  on  which  the  perfections  of  tlie  Crea- 
tor ud  Governor  of  the  universe  are  displayed. 
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Qftlie  Comets. 

186.  There  are  sometimes  seen  in  the  heavens  certain 
bodies,  accompanied  by  a  train  of  faint  light,  which  has  oc- 
casioned them  to  be  called  comets.  Their  appearance  and 
motions  are  extremely  various ;  and  the  only  general  re- 
marks that  can  be  made  on  them  are,  that  the  train,  or  tail, 
is  generally  small  on  the  first  appearance  of  a  comet,  gra<» 
dually  lengthens  as  the  comet  comes  into  the  neighbour- 
hood of  the  Sun,  and  again  diminishes  as  it  retires  to  a 
distance.  Also  the  tail  is  alwap  extended  in  a  direction 
nearly  opposite  to  the  Sun. 

166.  The  opinions  of  philosophers  concerning  comets 
have  been  very  different.  Sir  Isaac  Newton  first  showed 
that  they  are  a  part  of  the  solar  system,  revolving  roujMl 
the  Sun  in  trajectories,  nearly  parabolical,  having  the  Sun 
in  the  focus.  Dr  Halley  computed  the  modons  of  several 
comets,  and,  among  them,  found  some  which  had  precisely 
the  same  trajectory.  He  therefore  concluded,  that  these 
were  different  appearances  of  one  comet,  and  that  the  path 
of  a  comet  is  a  very  eccentric  ellipse,  having  the  Sun  in  one 
focus.  The  apparition  of  the  comet  of  1682  in  1759,  which 
was  predicted  by  Halley,  has  given  his  opinion  the  most 
complete  confirmation. 

187.  Comets  are  tlierefore  planets,  resembling  the  others 
in  the  laws  of  their  motion,  revolving  round  the  Sun  in 
ellipses,  describing  areas  proportional  to  the  times,  and  hav- 
ing the  squares  of  their  periodic  times  proportional  to  the 
cubes  of  their  mean  distances  from  the  Sun.  They  differ 
from  the  planets  in  the  great  variety  in  the  position  of  their 
orbits,  and  in  this,  that  many  of  them  have  their  course  in 
anteceientia  stgnorum. 

188.  Their  number  is  very  great ;  but  there  are  but 
few  with  the  elements  of  whose  motions  we  are  well  ac- 
quainted. The  comet  of  1680  came  very  near  to  the  Sun 
on  the  Uth  of  December,  its  dbtance  not  exceeding  his 
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semicEameter*  When  in  its  aphelion,  it  will  be  almost  150 
times  farther  from  the  Sun  than  the  Earth  is.  Om:  ideas 
tf  the  extent  of  the  solar  system  are  thus  greatly  enlarged. 
189.  No  satisfactory  knowledge  has  been  acquired  con- 
eenung  the  cause  of  that  train  of  light  which  accompanies 
the  comets.  Some  philosophers  imag^e  that  it  is  the  rarer 
atmoqihere  of  the  comet,  impelled  by  the  Sun^s  rays. 
Others  imagine,  that  it  is  the  atmosphere  of  the  comet, 
iisiiig  m  the  solar  atmosphere  by  its  specific  levity.  Others 
imag^  that  it  is  a  phenomenon  of  the  same  kind  with  the 
amciB  boiealis,  and  that  this  Earth  would  appear  like  a 
oomeC  to  a  spectator  placed  on  another  planet.  Consult 
Newton's  Principia ; — a  Dissertation,  by  Professor  Hamil^ 
too  of  Trini^  CoU^)  Dublin ;— a  Dissertation  by  Mr 
Winihiffpe  of  New  Jersey^  &c. ;  both  in  the  PAt&wopAicoJ 
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190.  It  is  helped,  that  the  preceding  account  of  the 
lestial  phenomena  has  given  the  attentive  student  a  dis 
conception  of  the  nature  of  that  evidence  which  Kc 
had  for  the  truth  of  the  three  genaral  facts  discoverec 
him  in  all  the  motions,  and  for  the  truth  of  those  seen 
deviations  from  Kepler'^s  laws,  which  were  so  bappilj 
condled  with  them  by  Sir  Isaac  Newtcm,  by  shewing, 
these  deviation^  are  examples  of  mutual  deflections  of 
celestial  bodies  towards  one  another.  Several  phenoo 
were  occasionally  noticed,  although  not  immediately 
servient  to  this  purpose.  These  are  the  chief  object 
our  subsequent  attempts  to  expltun.  The  account  g 
of  the  kind  of  observation,  by  which  the  different  mo^ 
were  proved  to  be  what  has  been  afiirmed  of  them,  has 
exceedingly  short  and  slight,  on  the  presumption  that 
young  astronomer  will  study  the  celestial  phenomeno 
in  the  detail,  as  delivered  by  Gregory,  Eeill,  and  c 
authors  of  reputation.  This  study  will  terminate  in 
fullest  conviction  of  the  validity  of  the  evidence  for 
truth  of  the  Copemican  system  of  the  Sun  and  plar 
and  in  a  minute  acquaintance  with  all  those  peculiaj 
of  motion  that  distinguish  the  individuals  of  the  ma^ 
cent  assemblage. 

We  are  now  in  a  condition  to  investigate  the  parti< 
characters  of  those  extensive  powers  of  nature,  those 
chanical  affections  of  matter,  which  cause  the  observed 
viations  from  that  uniform  rectilineal  motion  which  w 
have  been  observed  in  every  body,  had  it  been  unde 
mechanical  influence.  And  we  shall  also  be  able  tc 
plain  or  account  for  the  distinguishing  peculiarities  of 
tion  which  characterize  the  individuals  of  the  system,  i 
shall  so  far  succeed  in  our  first  investigation,  as  to  she  w 
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BooUwr  SoKB  operates  in  the  system,  and  that  these  pecu-  ' 
liuities  are  only  particular  and  accurately  narrated  cases 
if  the  three  general  laws,  precisely  conformable  to  their 
Intimate  consequences. 

In  our  first  investigation,  we  must  affirm  the  forces  to 
be  sudi  aa  are  indicated  by  the  motions,  in  the  manner 
ipttd  on  in  the  general  doctrines  of  Dynanucs.  That  is, 
dit  kind  and  the  intensity  of  the  force  must  be  inferrect 
bat  the  direction  and  tbe  magnitude  of  the  change  vhich 
n  cooader  as  its  effect. 

Iq  all  this  process,  it  is  pl^,  that  we  consider  the  hea- 
mljr  bodies  as  conustiDg  of  matter  that  has  the  same  me- 
Auaai  properUes  with  the  bodies  which  are  daily  in  our 
kndi.  We  are  not  at  liberty  to  imagine,  that  the  celestial 
wtUa  has  any  other  properties  than  what  is  indicated  by 
diBHitioDB,  otherwise  we  have  no  explanation,  and  may 
M  idl  rest  contented  with  the  ^mple  narration  of  the 
tiOk  The  constant  practice,  in  all  attempts  to  explain  a 
iriaal  qqieannce,  is  to  try  to  find  a  class  of  familiar  phe> 
■went  which  resemble  it ;  and  if  we  succeed,  we  account 
itiobe  one  of  the  number,  and  we  rest  satisfied  with  this 
Minfficient  explanation.  Accordingly,  this  is  the  way 
Atf  philoaophers,  both  in  andent  and  modem  times,  have 
in  their  attempt  to  discover  the  causes  of  tbe 


191t  1.  Nothing  is  more  familiar  to  our  experience 
iha  bodies  carried  round  fixed  centres  by  means  of  solid 
litter  amnecting  the  bodies  with  the  centre,  in  oneway 
n  oother.  This  was  the  first  attempt  to  explain  tbe 
motions  of  which  we  have  any  account.  Eu- 
and  ColUppus,  many  ages  before  our  era,  taught, 
lit  all  the  stars  in  the  firmament  are  so  many  ludd  ptnnts 
ff  bodies,  adbering  to  the  inside  of  a  vast  material  concave 
m»  iducb  turned  round  the  Earth  placed  in  the  centre 
mn^y^Hir  hours.      It  was  called  the  cbystallimk 


84  PHYSICAL  ASTRONOMY. 

But  this  will  not  explun  the  easterly  motion  of  the  Sun 
and  Moon,  unless  we  suppose  them  endowed  with  some 
self-moving  power,  by  which*  they  can  creep  slowly  east-  . 
ward  along  the  surface  of  the  crystalline  orb ;  far  less  will 
it  account  for  the  Moon  sometimes  hiding  the  Sun  from 
us.  These  philosophers  were  therefore  obliged  to  sffy, 
that  there  were  other  spheres,  or  rather  spherical  sheUs, 
transparent,  like  vast  glass  globes,  one  within  another,  and 
all  having  a  common  centre.  The  Sun  and  the  Moon 
were  supposed  to  be  attached  to  the  surface  of  those  globes. 
The  sphere  which  carried  the  Moon  was  the  smallest,  im- 
mediately surroundmg  the  Earth.  The  sphere  of  the  Sun 
was  much  larger,  but  still  left  a  vast  space  between  it  and 
the  sphere  of  the  fixed  stars,  which  contiuned  all. 

This  machinery  may  make  a  shift  to  carry  round  the 
Moon,  the  Sun,  and  th^  stars,  in  a  way  somewhat  like  what 
we  behold.  But  the  planets  gave  the  philosophers  mudi 
trouble,  in  order  to  explain  their  retrograde  and  direct 
motions,  and  stationary  points,  &c.  To  move  Jupiter  in 
a  way  resembling  what  we  behold,  they  supposed  the  shell 
of  his  sphere  to  be  of  vast  thickness,  and  in  its  solid  mat- 
ter they  lodged  a  small  transparent  sphere,  in  the  surface 
of  which  Jupiter  was  fixed.  This  sphere  turned  round  in 
the  hollow  made  for  it  in  the  thick  shell  of  the  deferent 
sphere,  and,  as  all  was  transparent,  exhibited  Jupiter  mov- 
ing to  the  westward,  when  his  cpisphere  brought  him  to- 
ward us,  and  to  the  east,  when  it  carried  him  round  toward 
the  outer  surface  of  the  deferent  shell.  Meanwhile,  the 
great  deferent  globe  was  moving  slowly  eastward,  or  ra« 
ther  was  turning  more  slowly  westward,  than  the  sphere  of 
the  stars. 

No  doubt,  this  mechanism  will  produce  round-about 
motions,  and  stations,  and  rctrogradations,  &c.  This^ 
however,  is  only  a  very  gross  outline  of  the  planetary  mo- 
tions. But  the  Sun's  unequable  motion  could  not  be  re- 
presented without  supposing  the  Earth  out  of  the  centre 
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(^rotation  of  his  sphere.     This  was  accordingly  su[^iosed, 
and  it  was  an  easy  supposition.     But  ttie  moiiun  of  Jupi- 
te:,  in  relation  to  the  centre  of  bis  epicycle,  mtlat  be  siuii- 
he  to  the  Sun''s  motion  in  rebttion  to  tlie  Earth  (123.); 
^  a  solid  sphere,  turning  in  a  hollow  which  exactly  fits 
il,  can  only  turn  round  its  centre.    Tliis  is  evident.    There- 
fore the  inequality  of  Jupiters  epicyclical  motion  cannot 
be  represented  by  this  mechanism.     The  deferent  ^here 
mj  be  eccentric,  but  the  epicycle  cannot.     This  obliged 
diDie  engineers  to  give  Jupiter  a  secondary  epicycle  much 
miller  than  the  epicycle  which  produced  his  retrograda- 
^Diisand  stations.     It  moved  in  a  hollow  lodgement  made 
[aril  in  the  solid  matter  of  the  epicyle,  just  as  this  moved 
iiit  hollow  in  the  solid  matter  of  the  deferent  globe. 
Erefl  this  would  not   correspond,  with  tolerable  exact- 
_     si>i*ith  tlie  observed  tenor  of  Jupiter's  motion ;  other 
L^HMJit  were  added,  to  tally  with  every  improreoient 
^^^^■l  the  equation  of  the  apparent  motion,  till  the  whole 
^^^^ba  almost  crammed  full  of  solid  matter ;  and  after 
^Jpoe  efforts,  some  mathematicians  afGrmed,  that  there 
motions  in  the  heavens  that  arc  neither  uniform  nor 
dRular,  nor  can  be  compounded  of  such  motions.     If  so. 
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lery  is  inipussible.     In  modem  times, 


lyho  Bralie  proved,  beyond  all  contradiction,  that  tJie 
CDOCt  of  1574  passed  through  all  those  spheres,  and  there- 
fpie  ibeif  existence  was  a  mere  fiction. 

One  should  think  the  whole  of  this  contrivance  so  artless 
ai  rude,  that  we  wonder  that  it  ever  obtained  the  least 
ogdit;  yet  was  it  adopted  by  the  prince  of  ancient  pbilo- 
'liflMn — by  Aristotle;  and  his  authority  gave  it  possession 
if  <II  the  schools  till  modem  times. 

But  where,  all  tliis  while,  is  the  mover  of  all  this  ma- 

.dineiy  ?  Aristotle  taught,  that  each  globe  was  conducted, 

Vlanted  round  its  axis,  by  a  peculiar  genius  or  demon. 

Tint  was  ivorthy  of  [he  rest ;   and  when  such  assertions 

^Bfe^Ved  ca-planaiions,  nothing  in  nature  need  remain  un- 
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explained.  We  must,  however,  do  Hippaithus  and  Pto* 
lemy  the  justice  to  say,  that  thej  never  adopted  this  hypo- 
thesis  of  Eudoxus  and  Callippus ;  they  did  not  speculate 
about  the  causes,  but  only  endeavoured  to  ascertain  the 
motions ;  and  their  epicycle  and  deferent  circles  are  ^ven 
by  them  merely  as  steps  of  mathematical  contemidatioD^ 
and  in  order  to  have  some  principle  to  direct  didr  calcula- 
tion, just  as  we  demonstrate  the  parabolic  patb  of  a  cannon 
ball  by  compounding  a  uniform  motion  in  the  line  of  di* 
rection  with  a  uniformly  accelerated  motion  in  the  vertical 
Cne.  There  is  no  such  composition,  but  the  motion  ci  the 
ball  is  the  same  as  if  there  were. 

192.  2.  A  much  more  feasible  attempt  was  made  by 
Clcanthes,  another  philosopher  of  Greece,  to  assign  the 
causes  of  the  planetary  motions.  He  observed,  that  bodies 
are  easily  carried  round  in  whirlpools  or  vortices  of  water. 
He  taught,  that  the  celestial  spaces  are  filled  with  an 
ethereal  fluid,  which  is  in  continual  motion  round  the 
Earth,  and  that  it  carried  the  Sun  and  planets  round  with 
it  But  a  slight  examination  of  this  specious  hypotheas 
shewed,  that  it  was  much  more  difficult  to  form  a  notion 
of  the  vortices,  so  as  to  correspond  with  the  observed  mo-" 
tions,  than  to  study  the  motions  themselves.  It  therefore 
gave  no  explanation.  Yet  this  very  hypotliesis  was  re- 
vived in  modem  times,  and  was  maintained  by  two  of  the 
most  eminent  mathematicians  and  philosophers  of  Europe, 
namely,  by  Des  Cartes  and  Leibnitz;  and,  for  a  long 
while,  it  was  acquiesced  in  by  all. 

We  must  constantly  keep  in  mind,  that  an  explanation 
always  means  to  shew  that  the  subject  in  question  is  an 
example  of  something  that  we  clearly  understand.  What* 
ever  is  the  avowed  property  of  that  more  familiar  subject, 
must  therefore  be  admitted  in  the  use  made  of  it  for  ex- 
planation. We  explain  the  splitting  of  glass  by  heat,  by 
shewing,  that  the  known  and  avowed  ^ects  of  heat  make 
the  glass  swell  on  one  side  to  a  certain  degree,  with  a  ccr- 
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aiBkBownfone;  nd  we  diew,  that  Hx  tenacity  of  the 
other  nde  of  the  ^laaa,  which  ia  not  aweDed  by  the  heat» 
a  aot  able  to  renat  duB  force  wfaidi  it  pulling  it  asuiickr ; 
it  snut  tbCTefore  give  way.  In  ihort,  we  shew  the  spliu 
ting  to  be  one  of  the  ordinary  e&cts  of  heat,  which  ope* 
nM  Imk  ■>  it  operates  in  all  other  cases. 

Now,  if  we  talie  Hob  method,  we  find,  that  the  dFeota  of 
t  mtex  or  whirl  in  a  fluid  are  totally  unlike  the  planetaiy 
■oliiias,  and  that  we  cannot  ascribe  them  ts  the  vortical 
lUtiDn  of  the  ether,  without  giving  it  laws  of  motion  on 
Oe  eroy  thing  observed  in  all  the  fluids  that  we  know ; 
nj,  m  eontradiction  of  all  those  laws  of  mechanics  which 
ae  dautted  by  the  very  patrons  of  the  hypothens.  To 
pe  dn  fluid  properties  unknown  in  all  odiers,  is  absurd ; 
m  hi  better  ^ve  those  properties  to  the  planets  them- 
tim.  The  fact  is,  that  diese  two  philosophers  had  not 
tikatbe  trouble  to  think  about  the  matter,  or  to  inquire 
1^  Dotiims  of  a  vortex  of  fluid  are  possible,  and  what 
ucM^  or  what  effects  will  be  jvoduced  by  such  vortices 
'  m  m  possible.  They  had  not  thought  of  any  means  of 
mmng  the  fluid  itself,  or  for  preserving  it  in  motion ;  they 
coalnited  themselves  (at  least  this  was  the  case  with  Des 
Catcs)  with  merely  throwing  out  the  general  fact,  that  - 
bo&s  mai/  be  carried  roimd  by  a  vortex.  It  b  to  Sir 
loK  Newton  that  we  are  indebted  for  all  that  we  know  of 
ratical  moticML  In  examining  this  hypothesis  of  Des 
{^dn,  which  hod  supreme  authority  unong  the  philoscv 
pixn  at  that  time,  he  found  it  necessary  to  inquire  into 
die  manner  in  which  a  vortex  may  be  produced,  and  the 
mBtitntioD  c^  the  vintex  which  results  from  the  mode  of 
ill  prodoction.  This  led  him,  by  necessary  steps,  to  dis- 
Gorer  what  forms  of  vortical  motion  are  poseibte,  what  are 
pmnanent,  and  the  variations  to  which  the  others  are  sub- 
ject In  the  second  book  of  his  Mathematical  Principles  . 
d  Natural  Philosophy,  he  has  given  the  result  of  this  ex- 
;  and  it  contains  a  beautiful  system  of  mechom- 
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cal  doctrine,  concermng  the  mutual  action  of  the  filaments 
of  fluid  matter,  by  which  they  modify  each  other^s  motion. 
The  result  of  the  whole  was  a  complete  refutation  of  this 
hjrpothesis  as  an  explanation  of  the  planetary  motions, 
shewing  that  the  le^timate  consequences  of  a  vortical  mo- 
tion are  altogether  unUke  the  planetary  motions,  nay,  are 
incompatible  with  them.  It  is  quite  enough,  in  this  place, 
for  proving  the  insufficiency  of  the  hj^pothesis,  to  observe, 
that  it  must  explain  the  motion  of  the  comets  as  well  as 
that  of  the  planets.  If  Mars  be  carried  round  the  Sun  by 
a  fluid  vortex,  so  is  the  comet  which  appeared  in  1682  and 
1759.  This  comet  came  from  an  iounense  distance,  in 
the  northern  quarter  of  the  heavens,  into  our  ndghbour- 
hood,  passing  through  the  vortices  of  all  the  planets,  de- 
scribmg  it3  very  eccentric  ellipse  with  the  most  perfect 
regularity.  Now,  it  is  absolutely  impossible,  that,  in  one 
and  the  same  place,  there  can  be  passing  a  stream  of  the 
vortex  of  a  planet,  and  a  stream  of  the  cometary  vortex, 
having  a  direction  and  a  velocity  so  very  difierent.  It  is 
inconceivable  that  these  two  streams  of  fluid  shall  have 
force  enough,  one  of  them  to  drag  a  planet  along  with  it, 
and  the  other  to  drag  a  comet,  and  yet  that  the  particles 
of  the  one  stream  shall  not  disturb  the  motion  of  those  of 
the  other  in  the  smallest  degree ;  even  the  infinitely  rare 
vapour  which  formed  the  tail  of  the  comet  was  not  in  the 
least  deranged  by  the  motion  of  the  planetary  vortices 
through  which  it  passed.  All  this  is  inconc^vable  and 
absurd. 

It  is  a  pity  that  the  account  ^ven  by  Newton  of  vortical 
motions  appeared  on  such  an  occasion ;  for  this  limited  the 
attention  of  his  readers  to  this  particular  employment  of  it, 
which  purpose  being  completely  answered  in  another  way, 
this  argument  became  unnecessary,  and  was  not  looked  in- 
to. But  it  contains  much  valuable  information,  of  great 
service  in  all  problems  of  hydraulics.  Many  consequences 
of  the  mutual  action  of  the  fluid  filaments  produce  impor- 
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tmt  dunces  on  the  motion  of  the  whole ;  so  that  till  these 
ne  understood  and  taken  into  the  account,  we  cannot  give 
an  ansirer  to  very  simple,  yet  important  questions.  This 
K  the  cause  why  this  branch  of  mechanical  philosophy  is 
in  80  imperfect  a  state,  although  it  is  one  of  the  most  im- 
portant 

198.  S.  Many  of  the  ancient  philosophers,  struck  with 
d»e  order,  n^ularity^  and  harmonious  co-operation  of  the 
planetny  motions,  imagined  that  they  were  conducted  by 
intelligent  minds.  Aristotle's  way  of  conceiving  this  has 
been  ahea^  mentioned.  The  same  doctrine  has  been  re- 
vived^ in  some  respect,  in  modem  times.  Leibnitz  wimates 
every  particle  of  matter,  when  he  gives  his  Monads  a  per- 
oepdoQ  of  their  ratuation  with  respect  to  every  other  monad, 
ud  a  motion  in  consequence  of  this  perception.  This, 
and  the  dLnnental  mind  ascribed  by  Ix)rd  Monboddo  to 
eroy  tUng  that  begins  motion,  do  not  seem  to  differ  much 
from  the  •rr«(  ^v^  of  Aristotle ;  nor  do  they  differ  from 
what  all  the  world  distinguishes  by  the  name  oi  force. 

This  doctrine  cannot  be  called  a  hypothesis ;  it  is  rather 
adeGmtion,  or  a  misnomer,  giving  the  name  Mind  to  what 
exlubits  none  of  those  phenomena  by  which  we  distinguish 
mind.  No  end  beneficial  to  the  agent  is  gained  by  the 
motion  of  the  planet.  It  may  be  beneficial  to  its  inhabit- 
utts— But  should  we  think  more  highly  of  the  mind  of  an 
•nimal  when  it  is  covered  with  vermin  ? — Nor  does  this 
doctrine  give  the  smallest  explanation  of  the  planetary  mo- 
tois.  We  must  expliun  the  motions  by  studying  them, 
m  order  to  discover  the  laws  by  which  the  action  of  their 
cause  is  regulated :  this  is  just  the  way  that  we  learn  the 
nature  of  any  mechanical  force.     Accordingly, 

194.  4.  Many  philosophers,  both  in  ancient  and  modern 
times,  imaged  that  the  planets  were  deflected  from  uniform 
rectilineal  motion  by  forces  similar  to  what  we  observe  in 
the  motions  of  magnetical  and  electrical  bodies,  or  in  the 
motion  of  common  heavy  bodies,  where  one  body  seems  to 
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influeDce  the  motion  ol'  another  at  a  distance  from  it,  v 
out  any  interTening  impul^on.  It  is  tlius  that  a  stone  ■ 
bent  continually  from  the  line  of  its  direction  towards  th^ 
Earth,  In  the  same  manner,  an  iron  ball,  rolling  along  ^ 
level  table,  will  be  turned  aside  toward  a  magnet,  and, 
properly  adjusting  the  distance  and  the  velocity,  theb 
may  be  made  to  revolve  round  the  pole  of  the  magnel 
Many  of  the  ancients  said  that  the  curvilineal  motions  c 
the  planets  were  produced  by  tendencies  to  one  another,  < 
to  a  c(»nmon  centre.  Among  the  moderns,  Fermat  is  tlvi 
first  who  said  in  precise  terms  that  the  weight  of  a  body  ii 
the  sum  of  the  tendencies  of  each  particle  to  every  partidff 
of  the  Earth.  Kepler  Faid  still  more  expressly,  that  U'  thoB 
be  supposed  two  bodies,  placed  out  of  the  reach  of  all  e 
temal  forces,  and  at  perfect  liberty  to  move,  they  would 
approach  each  other,  with  velocities  inversely  proporliooil 
to  their  quantities  of  matter.  The  Moon  (says  he)  i 
the  Earth  mutually  attract  each  other,  and  are  preventei' 
from  meeting  by  their  revolution  rounfl  their  ccHiunoB 
centre  of  attraction.  And  he  says  that  the  tide*  of  die 
ocean  are  the  effects  of  the  Moon's  attraction,  heaping  up 
the  waters  immediately  under  her.  Then,  adopting  1 
opinion  of  our  countryman,  Dr  Gilbert  of  Colchester,  that 
the  Earth  is  a  great  magnet,  he  explains  how  this  mutu 
attraction  will  produce  a  deflection  into  a  curvilineal  path^ 
and  adds,  '  Veritatis  in  me  Jit  amor  an  gloria,  loguanbm 
'  dogmata  mea,  quaplcraque  ab  aiiis  acceptajiro. 
'  aatronomiam  Copcrnici  hyjjothesibus  de  mundo,  T^chonU 
'  vera  Brahei  obaervatumibtts,  denique  GtUklmi  GUbe 
'  Ang!i  pkilosopfiicE  magneticir  inttdifico.' 

KFIT.  ASTB.  COPEWI. 

193.  The  most  express  surmise  to  this  purpose  is  thatd 
Dr  Robert  Hooke,  one  of  the  most  ardent  and  ingenaDlli 
students  of  nature  in  that  busy  period.  At  a  r 
the  Royal  Society,  on  May  3,  1666,  he  expressed  himsdl 
>n  the  following  manner. 


DK  HOOKS'a  THXOKT.  91 

*  I  win  ej^lain  «  system  of  the  world  very  dtfeient  fiom 
'mjj^  ncaveA ;  and  it  is  founded  on  the  three  follow- 

<  ^pODtkHIS. 

'  ].  That  all  the  heavenly  bodies  have  not  only  a  gi» 
■  Tiukni  of  their  parts  to  their  own  proper  centre,  but  that 

<  dey  also  mutually  attract  each  other  within  thor  apherai 
'  gf  acdoQ. 

■  t.  That  all  bodies  having  a  simple  motion,  will  eon- 
'  tne  to  move  in  a  stnught  line,  unless  continually  deflect- 

<  ed  Erom  it  by  some  extraneous  force,   causing  them  to 

<  jooibe  a  drde,  an  ellipse,  or  some  other  curve. 

<  i.  That  tills  attraction  is  so  much  the  greater  as  the 
'  Indies  are  nearw.     As  to  the  proportion  in  which  those 

<  fiaces  dbsiiiish  by  an  increase  of  distance,  I  own  (says 
'  he)  I  have  not  discovered  it,  although  I  have  made  some 
'  txpahwnls  to  this  purpose.  I  leave  this  to  others,  who 
*  btve  tine  and  knowledge  suffident  for  the  task.'' 

Tin  a  a  vcfy  precise  enunciation  of  a  ytroper  philoao- 
[ilwat  dieory.  The  phenomenon,  tlie  change  of  motion,  is 
taaiiavi  as  the  mark  and  measure  of  a  changing  force, 
nd  In  audience  is  referred  to  experience  for  the  nature  of 
tbfffce.  He  had  before  this  exhibited  to  the  Society  a 
vaj  pret^  experiment  contrived  on  these  printaples.  A 
btl,  nupended  by  a  long  thread  from  the  ceiling,  was  made 
(s  m^  round  another  ball  laid  on  a  table  immediatdy  be- 
ksr  die  pcint  of  suspension.  When  the  push  given  to  the 
pcnddnm  was  nicdy  adjusted  to  its  deviation  from  the 
perpnwBcwlar,  it  xkscribed  a  perfect  drcle  round  the  ball 
« the  uUe.  But  when  the  push  was  very  great,  or  very 
aiall,  it  described  an  ellipse,  having  the  other  ball  in  its 
ontre.  Hooke  shewed  that  this  was  the  operation  of  a 
(Uectiiig  force  proportional  to  the  distance  from  another 
UL  He  added,  that  althou^  this  illustrated  the  planetary 
mfaoDa  in  some  degree,  yet  it  was  not  suiuble  to  thar 
Sue.  For  the  planets  describe  ellipses  having  Uie  Sun, 
M  in  the  centfe,  but  in  the  focns.    Therefore  they  arc 
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not  retained  by  a  force  proportional  to  their  distance  from 
the  Sun.  This  was  strict  reasoning,  from  good  principles. 
It  is  worthy  of  remark,  that  in  this  clear,  and  candid,  and 
modest  exposition  of  a  rational  theory,  he  anticipated  the 
discoveries  of  Newton,  as  he  anticipated,  with  equal  dis- 
tinctness and  precision,  the  discoveries  of  Lavoisier,  a  phi- 
losopher inferior  perhaps  only  to  Newton. 

Thus  we  see  that  many  had  noticed  certain  points  of  re- 
semblance between  the  celestial  motions  and  the  motions  of 
magnets  and  heavy  bodies.  But  these  observers  let  the 
remark  remidn  barren  in  their  hands,  because  they  had 
neither  examined  with  sufficient  attention  the  celestial  mo- 
tions, which  they  attempted  to  explain,  nor  had  they  form- 
ed to  themselves  any  precise  notions  of  the  motions  from 
which  they  hoped  to  derive  an  explanation. 

196.  At  last  a  genius  arose,  fully  qualified,  both  by  talents 
and  disposition,  for  those  arduous  tasks.  I  speak  of  Sir 
Isaac  Newton.  This  ornament,  this  boast  of  our  nature, 
had  a  most  acute  and  penetrating  mind,  accompanied  by 
the  soundest  judgment,  with  a  modest  and  proper  diffidence 
in  his  own  understanding.  He  had  a  patience  in  investiga- 
tion, which  I  believe  is  yet  without  an  equal,  and  was  con- 
vinced that  this  was  the  only  compensation  attainable  for  the 
imperfection  of  human  understandmg,  and  that  when  ex- 
ercised in  prosecuting  the  conjectures  of  a  curious  mind,  it 
would  not  fail  of  giving  him  all  the  infonnation  thai  we  are 
warranted  to  hope  for.  Although  only  24  years  of  age, 
Mr  Newton  had  already  given  the  most  illustrious  spedmen 
of  his  ability  to  promote  the  knowledge  of  nature,  in  his 
curious  discoveries  concerning  light  and  colours.  These 
were  the  result  of  the  most'  unwearied  patience,  in  making 
experiments  of  the  most  delicate  kind,  and  the  most  acute 
penetration  in  separating  Uie  resulting  phenomena  from 
each  other,  and  the  clearest  and  most  precise  lo^c  in  rea- 
soning from  them ;  and  they  terminated  in  forming  a  body 
of  science  which  gave  a  total  change  to  all  the  notions  of 
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^hers  on  this  subject.  Yet  tliis  body  of  optical 
;  was  notliing  but  a  fiur  narration  of  the  facts  pro- 
soilcd  to  I»9  view.  Not  a  single  supposition  or  conjecture 
a  lo  be  found  in  it,  nor  reasoning  on  any  thing  not  imme- 
Vilely  before  the  eye ;  and  all  its  science  consisted  in  the 
jwkious  dassitication.  This  had  brought  to  Ught  certain 
general  laws,  which  comprehended  all  the  rest.  Young 
Nefton  saw  that  tliis  was  sure  ground,  and  that  a  theory, 
n  (bunded,  could  never  be  shaken.  He  was  determined 
tbneibre  lo  proceed  in  no  other  way  in  ail  his  future  spe- 
euUticiDS,  well  knowing  that  the  fair  exhibition  of  a  law  of 
Oiliire  is  a  discovery,  and  all  the  discovery  to  which  our 
Emited  powers  will  ever  admit  us.  For  he  fdt  in  its  full 
force  ihe  importance  of  that  maxim  so  warmly  inculcated 
hy  LonI  Bncon,  that  nothing  is  to  be  received  as  proved  in 
the  study  of  nature  that  is  not  logically  inferred  from  an 
olHemd  fact ;  that  accurate  observation  of  phenomena 
El Dsl  precede  all  theory;  and  tliat  the  only  admissible 
theory  is  a  proof  that  the  phenomena  under  consideration 
is  induded  in  some  general  fact,  or  law  of  nature. 

IffT.  Retired  to  his  country  house,  to  escape  the  plague 
wtiii  then  raged  at  Cambridge  where  he  studied,  and  one 
6ej  iralking  in  his  garden,  his  thoughts  were  turned  to  the 
causes  of  tlie  planetary  motions.  A  conjecture  to  this  pur- 
pose occurred  to  him.  Adhering  to  the  Baconian  maxim, 
he  immediately  compared  it  with  the  phenomena  by  calcu- 
Ia6nt.  But  he  was  misled  by  a  false  estimation  he  had 
made  of  the  bulk  of  tlic  Eartli.  His  calculation  showed 
him  that  his  conjecture  did  not  agree  with  tlie  phenomenon. 
Newton  gave  it  up  without  heiutation ;  yet  the  difference 
m  only  about  a  sixth  or  seventh  part ;  and  the  conjecture, 
bd  it  been  confirmed  by  the  calculation,  was  such  as  would 
Iwve  acquired  him  great  celebrity.  What  youth  but  New- 
M  ouuld  have  resisted  such  a  temptation  P  But  he  thought 
u  vbre  of  it 

.1  he  admired  Des  Cartes  as  the  first  mathemalician  of 


At  he  adn 
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Europe,  and  as  his  desire  of  understanding  the  planetary 
motions  never  quitted  his  mind,  he  set  himself  to  examine, 
in  his  own  strict  manner,  the  Cartesian  theory,  which  at 
this  time  was  supreme  in  the  universities  of  Europe.  He 
discovered  its  nullity,  but  would  never  have  published  a 
refutation,  hating  controversy  above  all  things,  and  beii^ 
already  made  unliappy  by  the  contests  to  which  his  optical 
discoveries  had  given  occasion.  His  opdcal  discoveries  had 
recommended  him  to  the  Boyal  Society,  and  he  was  now  a 
member.  There  he  learned  the  accurate  measurement  of 
the  Earth  by  Picard,  differing  very  much  from  the  estmiai 
tion  by  which  he  had  made  his  calculation  in  1666  ;  and 
he  thought  his  conjecture  now  mcnre  likely  to  be  just.  He 
went  home,  took  out  his  old  papers,  and  resumed  his  calcu- 
lations. As  they  drew  to  a  close,  he  was  so  mudi  agitated, 
that  he  was  obliged  to  desire  a  friend  to  fimsh  them.  His 
former  conjecture  was  now  found  to  agree  with  the  jdieDD- 
mena  with  the  utmost  preci^on.  No  wonder  then  that  his 
nund  was  agitated.  He  saw  the  revdution  he  was  to  make 
in  the  opinions  of  men,  and  that  he  was  to  stand  at  the  head 
of  {diilosophers. 

19S.  Newton  now  saw  a  grand  scene  laid  open  before 
him  ;  and  he  was  prepared  for  exploring  it  in  the  Gomjdetest 
manner ;  for,  ere  this  time«  he  had  invented  a  species  of 
geometry  that  seemed  precisely  made  for  this  research.  Dr 
Hooke*s  cUscourse  to  the  Society,  and  his  shewing  that  the 
pendulum  was  not  a  proper  ni^prresentauon  of  the  planetary 
fixtes.  was  a  sort  of  challenine  to  him  to  find  out  that  law 
of  deflection  which  Hooke  owned  himself  unable  to  difc 
cover.     He  therefore  set  himself  seriously  to  work  oo  die 

m 

gi^at  piviUem«  to  *  ceiennine  ihe  modim  of  a  body  under 
*■  the  omunual  induence  of  a  dedectiivg  force.'    There 
fiwuid  among  his  papers  many  espciiments  on  the  force 
mj^neis ;  but  this  does  not  sc^m  u>  have  detained  him  kx^. 
He  Ixgan  to  cvmsider  the  mcdons  of  leTxesoial  bodies*  witl& 
an  alteiKMO  that  never  had  be^n  bestowed  on  them  before  ^ 
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and  ID  a  riiori  time  composed  twelve  propositicMis^  which 
contained  the  leading  pduots  of  celestial  mechanism.  Some 
jnnafter^  tii.  in  1688,  he  communicated  them  to  the 
Bcjal  Sooetjr,  and  they  were  entered  on  record.  But  so 
fitde  was  Newton  disposed  to  court  fame,  that  he  never 
thought  of  publiidiing,  till  Dr  Edmund  Halley,  the  most 
cmvient  mathematician  and  philosopher  in  the  kingdom, 
went  to  vifit  him  at  Cambridge,  and  never  ceased  impor- 
taning  and  entreadi^  him,  till  he  was  prevailed  on  to  bring 
his  whole  thoughts  on  the  subject  together,  digested  into  a 
tq[ttlar  aptem  of  universal  mechanics.  Dr  Halley  was  even 
oUiged  to  correct  the  manuscript,  to  get  the  figures  en- 
grsved^  and,  finally,  to  take  charge  of  the  printing  and 
publication*  I^ewton  employed  but  eighteen  months  to 
oompoae  this  inunortal  work.  It  was  published  at  last,  in 
1691,  under  the  title  o£  Maihematical  Principles  of  Natu- 
ral Philasophjf,  and  will  be  accounted  the  sacred  oracles  of 
natural  pUloaophy  as  Icmg  as  any  knowledge  remains  in 
Europe. 

199*  It  b  plain,  that  in  this  process  of  investigation,  in 
order  to  exjdain  the  planetary  motions  by  means  of  our 
knowledge  of  motions  that  are  more  familiar,  Newton  was 
oUiged  to  suppose  that  the  planets  conast  of  common 
matter^  in  which  we  infer  the  nature  of  the  moving  caus^ 
fitxn  the  motions  that  we  observe.  Newton^s  first  step, 
therefinre,  was  a  scrupulous  observation  of  the  celestial 
motions,  knowing  that  any  mistake  with  regard  to  these 
must  bring  with  it  a  similar  mistake  with  regard  to  the 
natural  power  inferred  from  it  Every  force,  and  every 
degree  of  it,  18  merely  a  philosophical  interpretation  of 
some  change  of  motion  according  to  the  Q^mican  system. 
The  Earth  is  said  to  gravitate  towards  the  Sun,  because, 
and  only  because,  she  describes  a  curve  line  concave  toward 
the  Sun,  and  areas  proportional  to  the  times.  If  this  be 
not  true,  it  is  not  true  that  the  Earth  gravitates  to  the 
Sun,     For  this  reason,  a  doubt  was  expressed  (177.),  whe- 
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ther  the  Newtonian  discoveries  were  used  with  propriety  as 
arguments  for  the  truth  of  the  Copemican  system. 

Most  fortunately  for  sdence,  the  real  motions  of  the 
heavenly  bodies  had  been  at  last  detected ;  and  the  saga- 
dous  Kepler  had  reduced  them  all  to  three  general  facts^ 
known  by  the  name  of  the  laws  of  Kepler^ 

200.  The  first  of  those  laws  is,  that  all  ike  planets  move 
round  the  Sun  in  such  a  manner  that  the  Hne  drawn  from 
a  planet  to  the  Sun  passes  over  or  describes  (verrit,  sweeps) 
areas  proportional  to  the  times  of  the  motion. 

Hence  Newton  made  his  first  and^great  inference,  thai 
the  deflection  of  each  planet  is  the  action  of  a  force  always 
directed  toward  the  Sun  (319.),  that  is,  such,  that  iTthe 
planet  were  stopped,  and  then  let  go,  it  would  move  toward 
the  Sun  in  a  straight  line,  with  a  motion  continually  acce- 
lerated, just  as  we  observe  a  stone,  fall  toward  the  Earth. 
Subsequent  observation  has  shewn  this  observation  to  be 
much  more  extensive  tiian  Kepler  had  any  notion  of;  for 
it  comprehends  above  ninety  comets,  which  have  been  ac- 
curately observed.  A  similar  action  or  force  is  observed 
to  connect  the  Moon  with  this  Earth,  four  satellites  widi 
Jupiter,  seven  with  Saturn,  and  six  with  HerschePs  planet, 
all  of  which  describe  round  the  central  body  areas  propor- 
tional to  the  times.  Newton  ascribed  all  these  deflections 
to  the  action  of  a  mechanical  force,  on  the  very  same  au- 
thority with  which  we  ascribe  the  deflection  of  a  bombshdl, 
or  of  a  stone,  from  the  line  of  projection  to  its  weighty 
which  all  mankind  consider  as  aforce.  He  therefore  said 
that  the  primary  planets  are  retained  in  their  paths  round 
the  Sun,  and  the  satellites  in  their  paths  round  their  re-- 
spective  primaries ,  by  a  force  tending  toward  the  central 
body.  But  it  must  be  noticed  that  this  expression  ascen. 
ttuns  nothing  but  the  direction  of  this  force,  but  gives  no 
hint  as  to  its  manner  of  acting.  It  may  be  the  impulse  of 
a  stream  of  fluid  moving  toward  that  centre ;  or  it  may 
be  the    attraction  of  the  central  body.      It    may  be  a 
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Scy  iiiliciTDt  in  the  planet— it  may  be  the  influence 
le  minislcring  spirit — but,  whatever  it  is,  this  is  the 
Section  of  its  effect. 

201.  Having  made  this  great  step,  by  which  the  relation 
tf  |lw  planets  to  the  Sun  is  established,  and  the  Sun  proved 
to  be  the  great  regulator  of  their  motions,  Newton  proceed- 
ed 10  inquire  farther  into  the  nature  of  this  deflecting  foree, 
(f  iduch  nature  he  had  discovered  only  one  ctrcumsUuici!- 
cndeavoured  to  discover  what  variation  is  made  in 
ition  by  a  change  of  distance.  If  tliis  follow  any 
law,  it  will  be  a  material  point  ascertained.  Thia 
MB  be  discovered  only  by  comparing  the  momentary  deflec- 
liou  of  B  planet  in  its  different  dlsUnces  from  the  Sun. 
The  magnitude  or  intensity  of  the  force  must  be  conceived 
a  peonly  proportional  to  the  magnitude  of  the  deflection 
whidi  it  produces  in  the  same  time,  just  as  we  measure  the 
fontif  terrestrial  gravity  by  the  deflection  of  sixteen  feet 
iaamond ;  whicli  wc  observe,  whether  It  he  a.  bombshell 
flfitig  three  miles,  or  a  [wbhle  thrown  to  the  distance  of  a 
few  yards,  or  a  stone  simply  dropped  from  the  hand.  Hence 
w?  infer,  tliat  gravity  is  evpry  where  the  some.  We  must 
taam  in  the  same  way  concerning  the  planetary  deflections 
ia  the  different  parts  of  their  orbits. 

Kepler's  second  law,  with  the  assistance  of  the  first, 
mUcd  Newton  to  make  tliis  compnrison.  This  second 
goavl  fact  is,  that  each  planet  describes  an  eUipse,  having 
the  Sim  in  onejiicut.  Therefore,  to  learn  the  proportion 
of  the  momentary  deflections  in  different  points  of  the 
dlipw,  we  h^ve  only  to  know  the  proportion  of  the  arches 
denibed  in  equal  small  moments  of  time.  This  we  may 
lenn  by  drawing  a  pair  of  lines  from  the  Sun  to  different 
puti  of  the  ellipse,  so  thai  each  pair  of  lines  shall  compre- 
toid  H]unl  areas.  The  arches  on  which  these  areas  stand 
nurt  be  described  in  equal  times ;  and  the  proportion  of 
tlieir  linear  deflections  from  the  ungents  must  be  taken  for 
the  pro)N)rtion  of  the  deflecting  forces  which  produced  them. 

Vol.  hi,  G 
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To  make  those  equal  areas,  we  must  know  the  precise  fbrm 
of  the  ellipse,  and  we  must  know  the  geometrical  properties 
of  this  figure,  that  we  may  know  the  proportion  of  those 
linear  deflections. 

202.  TTieJbrce  hy^hkh  a  planet  describes  areas  pro^ 
tional  to  ihe  times  roundihejbcus  of  its  elliptical  orbUiSy  as 
the  square  of  its  cUstanceJrom  thejbcus  inversely. 

Let  F  be  the  deflecting  force  in  the  aphelion  A  (Fig. 
17.)  andythe  force  in  any  intermediate  pcrint  P.  Let  V 
and  V  be  the  velocities  in  A  and  P,  and  C  and  c  be  the 
deflective  chords  of  the  equicurve  circles  in  those  points. 

Then,  by  a  dynamical  proportion  we  have  F  :y  = 

--.;  -  ,  or=zV*c:o*C.  But,  when  areas  are  described 
C      c 

proportional  to  the  times,  the  velocity  in  A  is  to  that  in  P 
inversely  as  the  perpendiculars  drawn  from  F  to  the  tan- 
gents m  A  and  P.  F  A  is  perpendicular  to  the  tangent 
in  A,  and  F  N  is  perpendicular  to  tlie  tangent  P  N.  There- 

foreF:/=_±,:^,=  FN»Xc:FA»XC. 

But  it  is  known  that  C,  the  deflective  chord  at  A,  is 
equal  to  L  the  principal  parameter  of  the  ellipse.  It  is 
also  known  that  P  O  is  half  the  deflective  chord  at  P,  and 
that  P  R  is  half  the  principal  parameter  L.  Moreover,  the 
triangles  F  N  P  and  P  Q  O  and  P  Q  R  are  similar,  and 
thereforeFN:FP=PQ:  PO.  ButPO:PQ  =  PQ: 
P  R.  Therefore  PO  :  PR=PO' :  PQ*.  Therefore  FN«  : 
FP^PR :  PO,  and  FN«  +  PO  =  FP*  x  PR,  and  FN»  X 
2  PO=  FP^X  PR;  that  is,  FN«  x  c  =  FP^.X  L. 

Therefore  F  :/=  FP»  x  L  :  F  A'  X  L,  =  FP'  •  FA*, 
that  is,  inversely  as  the  square  of  the  distance  from  F. 

203.  This  proposition  may  be  demonstrated  more  briefly, 
and  perhaps  more  palpably,  as  follows : 

If  Pp  be  a  very  minute  arch,  and  p  r  be  perpendicular 
to  the  radius  vector  P  F,  then  gp,  the  linear  deflection 
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Sie  tangent  is,  ultimately,  tn  the  proportion  ofp?'. 
irause  equal  areas  are  described  in  equal  times,  the 
ebnentary  triangle  P  F  p  is  a  constant  quantity,  when  the 
momeRts  are  supposed  equal,  and  therefore  p  r  is  inversely 
i»PF,  andpr*  inversely  as  PF-.  Therefore  jp  isinvers©- 
ly  8S  PF*or  the  momentary  deflection  from  the  tangent  is 
brersely  as  llie  square  of  P  F,  die  distance  from  the  focus. 
Now,  the  momentary  deflection  la  the  measure  of  the  de- 
flecting force,  and  the  force  is  inversely  as  the  square  of  the 
^Stance  from  the  focus. 

Here,  then,  is  exhibited  all  that  we  know  of  that  property 
or  mechanical  otTection  of  the  masses  of  matter  which  com- 
pow  the  solar  system.  Each  is  under  the  continual  influ- 
ence of  a  ilirce  directed  toward  tlie  Sun,  urging  the  planet 
b  that  direction ;  and  this  force  is  variable  in  its  intensity, 
being  more  intense  as  the  planet  comes  nearer  to  the  Sun ; 
lod  this  change  is  in  the  inverse  duphcate  ratio  of  its  £g- 
unoe  from  the  Sun.  It  will  free  us  entirely  from  many 
m^Bf^ysical  objections  which  have  been  made  to  this  in- 
(mnce,  if,  instead  of  saying  that  the  planets  manifest  suclt 
^fHuble  tendency  toward  tlie  Sun,  we  content  ourselves 
mply  affirming  the  fact,  that  the  planets  are  conti- 
rdedected  toward  the  Sun,  and  that  the  momentary 
B  are  in  the  inverse  duplicate  ratio  of  the  distances 

.  We  must  affirm  the  same  thing  of  the  forces  whicli 
I  the  satellites  in  their  elliptical  orbits  round  their  prU 
f  planeU.  For  tliey  also  descri!)e  ellipses  having  the 
Hwy  planet  in  the  focus;  and  we  must  also  include  the 
Balleyan  comet,  which  shewed,  by  its  re-apparition  in  1739, 
did  it  dcsci'ibes  ai\  ellipse  having  the  Sun  in  the  focus.  If 
jtAllier  comets  be  also  carried  round  in  eccentric  ellipses, 
it  draw  the  same  conclusion.  Nay,  should  they  de- 
fr|»nibolas  or  hyperbolas  having  the  Sun  in  the  focus, 
1  still  find  that  they  are  retained  by  a  force  m- 
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versely  pn^rtional  to  the  square  of  die  distance.  This  is 
demonstrated  in  precisely  the  same  manner  as  in  the  case  of 
elliptical  motion ;  namely,  by  comparing  the  Hnear  deflec- 
tions corresponding  to  equal  elementary  sectors  of  the  para- 
bola or  hyperbola.  These  are  described  in  equal  times, 
and  the  linear  deflections  are  proper  measures  of  the  de- 
flecting forces.  We  shall  find  in  both  of  those  curves  qp 
proportional  to  jp  r'.  It  is  the  common  property  of  the  conic 
sections  referred  to  a  focus. 

It  is  most  probable  that  the  comets  describe  very  eccen- 
tric ellipses.  But  we  get  sight  of  them  only  when  they 
oome  near  to  the  Sun,  within  the  orbit  of  Saturn.  None 
has  yet  been  observed  as  far  off  as  that  planet.  The  vi« 
sible  portion  of  thdbr  orbits  sensibly  coindd^  with  a  para- 
bola or  h3^rbola,  having  the  same  focus ;  and  their  motion, 
ccHnputed  on  this  supposition,  agrees  with  observation; 
The  computation  in  the  parabola  is  very  easy,  and  can  then 
be  transferred  to  an  ellipse  by  an  ingenious  theorem  of  Dr 
Halley^s  in  his  Astronomy  of  Comets.  M.  Lambert  of  Ber- 
lin has  greatly  simplified  the  whole  process.  The  student 
will  find  much  valuaUe  information  on  this  subject  in 
M*Laurin'8  Treatise  ofFhixums.  The  chapters  on  curva- 
ture and  its  variations,  are  scarcely  distinguishable  irom 
propositions  on  curviiineal  motion  and  deflecting  forces. 
Indeed,  since  all  that  we  know  of  a  deflecting  force  is  the 
deflection  which  we  ascribe  to  it,  the  employment  of  the 
vroxAJbrce  in  such  discussions  is  little  more  than  an  abbre- 
viation of  language 

This  proposition  being,  by  its  services  in  explaining  the 
phenomena  of  nature,  the  most  valuable  mechanical  theorem 
ever  given  to  the  world,  we  may  believe  that  much  atten- 
tion has  been  given  to  it,  and  that  many  methods  of  de- 
monstrating it  have  been  offered  to  the  choice  of  mathema- 
ticians, the  authors  claiming  some  merit  in  facilitating  or 
improving  the  investigation.  Newton^s  demonstration  is 
very  short,  but  is  a  good  deal  encumbered  with  composition 
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■thiSot,  and  an  arithmetical  or  algebraical  turn  of  exprcs- 
aoo,  frequently  mixed  with  ideas  purely  geometrical.  Nen- 
HB  vu  obliged  to  compress  into  it  some  properties  of  the 
cow  wctJons  which  were  not  very  familiar  at  that  time, 
braue  Dot  of  frequent  uae  :  they  are  now  familiar  to  every 
ftudeot,  Diaking  part  of  the  treatises  of  conic  sections.  By 
rdening  to  these,  llie  succeeding  authors  gave  their  de- 
monstrations the  appearance  of  greater  simplicity  and  elfr 
gsnce.  But  Newton  give^  another  demonstration  in  the 
second  and  third  editions  of  the  Principia,  employing  the 
deflective  chord  of  the  etjuicurve  circle  precisely  in  the  way 
onployed  in  our  text.  This  mode  of  deraonstratJon  has 
been  varied  a  little,  by  employing  the  radius  of  curvature, 
instead  of  the  chord  passing  through  the  centre  of  forces. 
The  theorems  given  by  M.  De  Moivre  were  the  first  in 
this  way,  and  are  very  general,  and  very  elegant.  Those 
of  J&  Bernoulli,  Hermann,  and  Keill,  scarcely  differ 
from  them,  and  none  of  them  all  is  preferable  to  Newton's, 
now  mentioned,  either  for  generality,  simplicity,  or  ele- 
gance. 

805,  It  remains  now  to  inquire,  wlielher  there  be  any 
uialogy  between  the  forces  which  retain  the  different  planets 
in  their  respective  orbits.  It  is  highly  probable  that  tlierc 
is,  teang  they  all  respect  the  Sun.  But  it  is  by  no  means 
attain.  Different  bodies  exhibit  very  different  laws  of 
soion.  Those  of  magnetism,  electricity,  and  cohesion,  are 
eitremcly  different ;  and  the  chymieal  affinities,  considered 
as  the  effects  of  attractive  and  repulsive  forces,  are  as  va* 
riausutbe  substances  themselves.  As  we  know  nothing 
of  tbe  consUtution  of  the  heavenly  bodies,  we  canuot,  a 
pnori,  say  that  it  is  not  so  here.  Perhaps  the  planets  are 
tleflccted  by  tlic  impulsion  of  a  fluid  in  motion,  or  arc  thrust 
toward  the  Sim  by  an  clastic  icthcr,  denser  and  more  elastic 
Mwerecede  from  the  Sun.  The  Sun  may  be  a  magnet, 
and  at  the  same  lime  electrical  The  Sun  so  constituted 
act  on  a  magnetical  planet  both  by  magnetical  and 
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electrical  attractbn,  while  another  planet  is  affected  only 
by  his  electridty.     A  thousand  such  suppodtions  may  be 
formed,  all  very  possible.    Newton  thoiefore  could  not  leave 
•  this  question  undecided. 

Various  means  of  dedding  it  are  offered  to  us  by  the 
phenomena.  The  motion  of  the  comets,  and  particulariy 
of  the  Halleyan  comet,  seems  to  dedde  it  at  once.  This 
comet  came  from  a  distance,  far  beyond  the  remotest  of 
the  known  planets,  and  came  nearer  to  the  Sun  than  VenuSb 
Therefore  we  are  entitled  to  say,  that  a  force  invendiy  as 
the  square  of  the  distance  from  the  Sun,  extends  without 
interruption  through  the  whole  planetary  spaces.  But 
farther,  if  we  calculate  the  deflection  actually  observed  in 
the  Halleyan  comet,  when  it  was  at  the  same  distance  from 
the  Sun  as  any  of  the  planets,  we  shall  find  it  to  be  pre- 
cisely the  same  with  the  deflection  of  that  planet  There 
can  remain  no  doubt  therefore,  that  it  is  one  and  the  same 
force  which  deflects  both  the  comet  and  the  planet 

But  Newton  could  not  employ  this  argument  The 
motions  of  the  comets  were  altogether  unknown,  and  pro- 
bably would  have  remained  so,  had  he  not  discovered  the 
sameness  of  the  planetary  force  through  its  whole  scene  of 
influence.  The  fact  is,  that  Newton^s  first  conjectures 
about  the  law  of  the  solar  force  were  founded  on  much 
easier  observations. 

Kepler^s  third  law  is,  that  the  squares  of  ifie  periodic 
times  of  the  planets  are  in  the  same  proportion  with  th€ 
cubes  qfthjAr  mean  distances  Jrom  the  Sun.  Thus,  Mars 
is  nearly  four  times  as  far  from  the  Sun  as  Mercuiy,  and 
his  period  is  nearly  eight  times  that  of  Mercury.  Now, 
4P=64,  =  8 . 

The  planets  describe  figures  which  differ  very  little  from 
circles,  whose  radii  are  those  mean  distances.  If  they  de- 
scribed circles,  it  would  have  been  very  easy  to  ascertain 
the  proportion  of  the  centripetal  forces.^   For,  by  Dynamics 

webady==^^.    Now,  in  the  planetary  motions,  we  have 
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p==tP.     Therefore, in  this ai8e,y=p  or  =  ^.,   that  is, 

(he  fbroes  which  r^ulate  the  motions  of  the  plnncts  at 
their  meui  distances  are  inversely  as  the  squares  of  those 
diaUnces. 

It  wa«  this  notion  (by  no  means  precise)  of  the  planciary 
foFoe,  which  had  first  occupied  the  thoughts  of  younji 
Newtmi,  while  yet  a  student  at  college— and,  on  no  bettec  1 
■uthority  than  this,  had  he  supposed  that  a  similar  analogy 
would  be  observed  between  the  deflection  of  the  Moon  and 
that  of  a  cannon  ball.  His  disapjwintnient,  rKcasiouei)  by 
his  erroneous  estimation  of  the  bulk  of  tliis  Earth,  and  his 
boRor  at  the  thoughts  of  any  such  controversies  as  liis  opti- 
cal disooverica  had  engaged  him  in,  seem  to  have  made  hint 
renlre  to  keep  these  thoughts  to  himself.  But  when  Pi- 
€Mt»  measure  of  ttie  Earth  had  removed  his  cause  of  mJa- 
tAe,  tad  be  saw  that  tlie  analogy  did  really  hold  with  roi- 
pett  to  the  force  reaching  from  the  Earth  to  the  Moon ; 
be  then  thought  it  worth  his  while  to  study  the  subject 
ly,  and  to  investigate  the  deflection  in  the  arch  of 
His  study  terminated  in  the  proposition  de. 
above— doubtless  to  his  great  deliglit.  He  was 
contented  with  the  vagae  guess  which  he  had 
■ide  B  to  the  proportion  of  the  forces  which  deflected  the 
Afinsit  planets.  The  orbit  of  Mars,  and  btill  more  the 
flhil  of  Mercury)  is  too  eccentric  to  be  considered  as  a  cir- 
ife.  Besides,  at  the  mean  distances,  the  radius  vector  a 
■I  pspoidicuUr  to  the  curve,  as  it  is  in  a  circle.     He 

I  ivaagw  in  a  condition  to  compare  the  simultaneons  deflec- 
Maa  of  any  two  planets,  in  any  part  of  th«r  orbits.  This 
fehiadme.  In  the  fifte@ith_Qopoationji£jbe^r»t  book' 
ti  iht  Pnad^Oy  be  demonstrates,  that  if  the  forces  ae- 
(■tfaig  the  diSiereat  planeU  are  in  the  inTerw  duplicate 

{       BAD  of  the  distances   {nun  the   Sun,  then  the   stjuare* 

£  periodic  times  must  be  as  the  cubes  of  the  nwaa 
s.     Thib  Uaug  a  nuUter  of  oliMTTatioii,  il  follows. 
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conversely,  that  the  forces  are  in  this  inverse  duplicate 
tio  of  the  distances. 

Thus  was  his  darling  object  attained.  But  as  this  fif- 
teenth proposition  has  some  intricacy,  it  is  not  so  dear  as 
we  should  wish  in  an  elementary  course  like  ours.  The 
tame  truth  may  be  easily  made  iqppear  in  the  following 
manner. 

206.  If  a  planetj  when  at  its  mean  distance  Jivm  ike 
Sun  J  be  projected  in  a  direction  perpendicular  to  the  radiue 
vector,  with  the  same  velocity  which  it  lias  in  that  pobU  tjf 
its  orbity  it  will  describe  a  circle  round  the  Sun  in  the  same 
time  that  it  describes  tfie  ellipse. 

Let  ABPD  (Fig.  18.)  be  the  elliptical  orbit,  having  the 
Sun  in  the  focus  S.  Let  AP,  BD,  be  the  two  axes,  C  the 
centre,  A  the  aphelion,  P  the  perihelion,  and  B,  D,  the 
two  situations  of  mean  distance.  About  S  describe  the 
circle  BDM.  Let  BK  and  BN  be  very  small  equal  arches 
of  the  circle  and  the  ellipse,  and  let  BE  be  one  half  of  B& 
BM,  the  double  of  B  S,  is  the  deflective  chord  of  the 
circle  of  curvature  in  the  point  B  of  the  orbit,  and  BE  is 
one-fourth  of  that  chord.  Therefore  the  velocity  in  B  is 
that  which  the  force  in  B  would  generate  by  uniformly 
impelling  the  planet  along  BE.  But  a  body  projected  with 
this  velocity,  in  the  direction  BE,  will  describe  the  circle 
BEMD. 

The  arches  BE  and  BN  being  equal,  and  described  with 
equal  velocities,  will  be  described  in  equal  times.  The 
triangles  BES,  BNS,  having  equal  bases  BE  and  BN,  are 
proportional  to  their  altitudes  BS  and  BC  (for  the  element 
tary  arch  BN  may  be  considered  as  coinciding  with  the 
tangent  in  B,  and  BC  is  perpendicular  to  this  tangent). 
But,  because  BS  is  equal  to  C  A,  the  area  of  the  circle  BMD 
is  to  that  of  the  ellipse  ABPD  as  AC  to  BC,  that  is,  as  BS 
to  BC,  that  is,  as  the  triangle  BES  to  the  triangle  BNS. 
These  triangles  are  therefore  similar  portions  of  the  whole 
areas,  and  therefore,  since  they  arc  described  in  equal  times, 
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dicle  BMD  Dnd  Uie  ellipse  ABPD  vill  also  be  ttcGcrib- 
cd  in  equftl  times. 

Thus  it  appears  that  Newton's  first  conjecture  was  per- 
ftctJyjust.  I'W  if  the  planets,  instead  of  describing  tbeir 
floptical  orbits,  were  describing  circles  at  the  same  distances, 
nd  ia  the  same  times,  they  would  do  it  by  the  influence 
rf  tbe  suae  forces.  Therefore  since,  in  tliis  case,  «c 
ibnld  hne  t*=iP,ibe  forces  will  be  proportional  to  d*  in- 
wnriy. 

807.  We  now  see  that  the  forces  which  retain  the  differ- 
eat  planets  in  their  orbits  arc  not  diilerent  forces,  but  that 
J  SIC  under  the  influence  of  one  force,  which  extends  from 
Ik  Sua  ht  every  direction,  and  decreases  in  intensity  as  the 
■quire  of  the  distance  from  the  Sun  increases.  The  inten- 
■qratvqrparticular  distance  b  the  same,  in  whatever  (ii- 
Jti£aa  Ike  distance  ia  talien.  Altiiough  the  planetary 
CDones  do  not  depart  tar  from  our  ecliptic,  the  inSuence  of 
ihr  regufaling  force  is  by  no  means  confined  to  tliat  neigh- 
huuthond.  Comets  have  been  seen,  which  rise  almost  per- 
pendicular to  the  ecliptic ;  and  their  orbils  or  trajecKMies 
uctupT  all  qusrtcrs  of  the  heavens. 

This  relation,  in  wliich  Uiey  all  stand  to  the  Sun,  may 
JDKly  be  called  a  cosmicat  relation,  depending  on  their  tnu- 
lusl  ODOstitulion,  which  appears  to  be  the  same  in  them  all. 
Aslki*  brce  respects  the  Sun,  it  may  be  called  a  solar 
nmci,  in  ilie  same  sense  aa  we  use  the  term  magnetical 
lonx.  AU  persons  unaffected  by  peculiar  philosophical 
BotioiH,  conceive  magnetism  distinctly  enough  by  calling  it 
Mtractum.  For,  whatever  it  is,  its  effects  resemble  those 
rfaUrsctioD.  It*  we  conceive  the  magnetical  phenomena  as 
iftets  of  a  imdency  toward  the  magnet,  inherent  in  the 
we  may  concave  the  planetary  deflections  as  pro- 
duced in  tbe  same  way  ;  but  tliia  also  indicates  a  sameitcss 
■  Ihr  onsdtution  of  all  tlie  planets.  Or  wc  may  ascribe 
Ik  defections  to  the  unpulHiuns  or  prcsauiv  of  on  a;ther; 
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but  this  also  indicates  a  saineness  of  constitution  over  tbe 
whole  system. 

Thus,  whatever  notion  we  entertain  of  what  we  have 
called  a  solar  or  a  planetary  foroe  (and  the  observed  law  of  ! 
action  limits  us  to  no  exduaive  manner  of  conceiving  it),  we  A 
see  a  power  of  nature,  whether  extrinac,  like  the  actioo  of 
a  fluid,  or  intrinsic^  like  tendencies  or.attractions,  whidi  fit 
the  Sun  and  planets  for  a  particular  purpose,  ^ving  them 
a  cosmical  relation,  and  laws  of  action. 

208.  It  is  still  more  interesting  to  remark,  that  the  satel- 
lites observe  the  same  law  of  acticm.  For,  in  the  little 
systems  of  a  planet  and  its  satellites,  we  observe  the  same 
analogy  between  the  distances  and  periodic  times.  la 
short,  a  centripetal  force  in  the  inverse  duplicate  ratio  of 
the  distance  seems  to  be  the  bond  by  which  all  is  held  teK 
gether. 

209.  As  the  analogy  observed  by  Kepler  between  ths 
distances  of  the  revolving  bodies  and  the  periods  of  thor 
revolutions,  led  Newton  to  the  discovery  of  the  law  of  plane* 
tary  deflection ;  so,  this  law  being  established,  we  are  led 
to  the  second  and  third  fact  observed  by  Kepler  as  its  ne* 
cessary  consequences.  It  appears,  that  the  periodic  time  of 
a  planet  under  the  influence  of  a  force  inversely  as  the 
square  of  the  distance,  depends  on  its  mean  distanoe  alone^ 
and  will  be  the  some,  whether  the  planet  describe  a  dide 
or  an  ellipse  having  any  degree  whatever  of  eocentricitj; 
This,  as  was  already  observed,  is  the  fifteenth  propontion  . 
of  the  first  book  of  Newton's  Prindiua.  Suppose  the  shorter  ^ 
axis  BD  of  the  ellipse  A  BPD  (Fig.  19)  to  diminish  ooo- 
tinually,  the  longer  axis  A  F  remaining  the  same.  As  tli9 
extremity  B  of  the  invariable  line  B  S  moves  from  B  towaid 
C,  the  extremity  S  will  move  toward  P,  and  when  B  ooin- 
ddes  with  C,  S  will  coindde  with  P,  and  the  ellipse  Is 
changed  into  a  straight  line  P  A,  whose  length  is  twice  the 
mean  distanoe  S  B. 

In  all  the  successive  ellipses  produced  by  this  gradual 
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dfaunutkRi  of  C  B,  the  periodic  time  remains  unchanged* 
Jot  befiove  the  perfect  eoincidenoe  of  B  with  C,  the  ellipae 
■Kj  be  coDooved  as  undistinguishaUe  from  the  line  P  A. 
The  levolutioa  in  this  ellipse  is  undistinguishable  from  the 
Mocnt  of  the  body  from  the  perihelion  P  to  the  aphelion  A, 
and  the  subsequent  descent  from  A  to  P.    Therefive  a 
body  under  the  influence  of  the  central  force  will  descend 
fiom  A  to  P  in  half  the  time  of  the  revolution  in  die  elliqpse 
ADPBA    Therefore  the  time  of  descending  from  any 
distance  B  S  is  half  the  period  of  a  body  revolving  at  half 
that  distannp  from  the  Sun.    By  such  means  we  can  tell 
die  time  in  which  any  planet  would  fall  to  the  Sun.     Mul- 
tiply die  half  of  the  time  of  a  revolution  by  the  square  root 
of  the  cube  of  i,  that  is,  by  the  square  root  of  ^ ;  the  pro- 
duct is  die  time  of  descent     Or  divide  the  time  of  half  a 
revoluUon  by  the  square  root  of  the  cube  of  S,  that  is,  by 
the  square  root  of  e^  that  is,  by  8,82847 ;  or,  which  is  the 
ihartest  process,  multiply  the  time  of  a  revolution  by  the 
dnamal  0,176776; 

cL     h. 
Meieury  will  fall  to  the  Sun  in         -        -         15  13 

Venus 39  17 

The  Earth  ^      64  10 

Mars 121    0 

Jupiter  .  .  -  .  290    0 

Saturn  .  -  -  -  798    0 

Georpan  planet  -  -  -        5406    0 

The  Moon  to  diis  Earth  -  -  4    21 

Cor.  The  squares  of  the  times  of  falling  to  the  Sun  are 

« the  cubes  of  the  distances  from  him. 
SIO.  So  fiur  did  Newton  proceed  in  his  reasonings  from 

the  observations  of  Kepler.     But  there  remained  many 

vportant  questions  to  be  decided,  in  which  those  observa- 

tioBs  offered  no  direct  help. 
It  appeared  improbable  that  the  solar  force  should  not 

disct  the  secondary  planets.     It  has  been  demonstrated 
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(14.)  that  if  a  body  P  rerolYe  xound  another  bodjr 
S,  describing  areas  proportional  to  the  times,  while  S  n^ 
volves  round  some  other  body,  or  is  affected  by  some  bm^ 
temal  force,  P  is  not  only  acted  on  by  a  central  force  cK- 
rected  to  ^  but  is  also  affected  by  every  accelerating  font 
which  acts  on  S. 

■  While,  therefore,  the  Moon  describes  areas  proportional 
to  the  times  round  the  Earth,  it  is  not  only  deflected  to- 
ward  the  Earth,  but  it  is  also  deflected  as  much  as  the 
Earth  is  toward  the  Sun.  For  the  Moon  accompanies  the 
Earth  in  all  its  motions.  The  same  thing  must  be  aCBrmed 
concerning  the  satellites  attending  the  other  planets. 

And  thus  has  Newton  establiriied  a  fourth  propoatioD, 
namely, 

Tfiejbrce  by  which  a  secondan/ planet  is  madeioaceom' 
pamf  iheprinuary  in  its  orbit  round  the  Sun  is  continuaBg 
directed  to  the  Sun,  and  is  mversehf  as  the  square  of  the 
distance  Jrom  him.  For,  as  the  primary  changes  its  distance 
from  the  Sun,  the  force  by  which  it  is  retidned  in  its  orbit 
varies  in  this  inverse  duplicate  ratio  of  the  distance.  There- 
fore the  force  which  causes  the  secondary  planet  to  acconu 
pany  its  primary  must  vary  in  the  same  proportion,  in  order 
to  produce  the  same  change  in  its  motion  that  is  produced 
in  that  of  the  primary.  And,  further,  since  the  force  which 
retmns  Jupiter  ^in  his  orbit  is  to  that  which  retains  the 
Earth  as  the  square  of  the  Eartli^s  distance  is  to  that  of 
Jupiter^  distance,  the  forces  by  which  their  respective  sa- 
tellites are  made  to  accompany  them  must  vary  in  the  same 
proportion. 

Thus,  all  the  bodies  of  the  solar  system  are  continually 
urged  by  a  force  directed  to  the  Sun,  and  decreaaang  as  the 
square  of  the  distance  from  him  increases. 

211.  Newton  remarked,  that  in  all  the  changes  of  motioD 
obser>'able  in  our  sublunary  world,  the  changes  in  the 
acting  bodies  arc  equal  and  opporite.  In  all  impulsions, 
one  body  is  observed  to  lose  as  much  motion  as  the  other 
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All  loagnetical  and  electrical  attrat'tions  and  repul- 
mutual.  Every  action  seems  to  be  accompanied 
[Ual  reaction  in  tlio  oppo^te  direction.  He  even 
that  it  may  be  proved,  fn/m  Abstract  principle!), 
1st  be  50.  He  therefore  ajfirmed,  tliat  this  law  ob- 
in  the  celestial  motions,  and  that  not  only  wcnr 
continually  impelled  toward  the  Sun,  but  also 
Sun  was  impelled  toward  the  planets.  The  doubts 
ly  be  entertained  concerning  the  authority  of  this 
i^tObon  have  been  noticed  already.  At  present,  we 
the  fads  which  the  celestial  motions  furnish  in 
of  Sir  Isaac  Newton's  assertion. 
Directions  have  been  given  (56.)  how  to  calculate 
1*8  [dace  for  any  given  moment.  When  the  astro- 
obtained  instruments  of  nice  construction,  and 
'ed  the  art  of  observing,  there  was  found  an  ir- 
in  this  calculation,  which  had  an  evident  relation 
Id  the  Sfoon.  At  new  Moon,  the  obser\-ations  corresponded 
eucily  with  die  Hisna  calculated  place ;  but  seven  or e^ht 
dnysaAer,  the  Sun  is  obsen-ed  to  be  about  N"  or  10'  to 
the  outward  of  his  calculated  place,  when  the  Moon  is  in 
her  fint  qutulrature,  and  he  is  observed  as  much  to  the 
mlward  when  she  is  iu  the  last  quadrature.  In  interme- 
iliile  ailuations,  the  error  is  observed  to  increase  in  the  pm- 
pottion  of  the  sine  of  the  Moon's  distance  from  coujiinction 
or  Dfipaaitioti. 

TUo^  muubeso,  if  it  be  true  that  the  deflection  of  th« 
MoDO  toward  the  Eartli  is  accompanied  with  an  equal  de- 
fltctian  of  the  Eartli    toward   the   Moon,      For  the  Moon 

Ivolve  round  tlie  Earth,  but  the  Earlli  and 
■evolve  round  their  common  centre  of  position. 
!4oon  is  in  her  Hrst  quadrature,  her  position  may 
led  by  M  (Fig,  20.)  while  the  Earth  is  at  E. 
ommon  centre  is  at  A.  A  spectator  in  A  will 
I  S  in  his  calculated  place  B.  But  (he  specta- 
Sanh  £  seca  the  Sun  ia  C,  to  the  left  hand,  or 
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eastward  of  B.  The  intenral  B  C  measures  the  angle  BSCt 
or  ASE,  subtended  at  the  Sun  by  the  distance  EA  of  thlA 
common  centre  of  the  Earth  and  Moon  from  the  centre  or 
the  Earth.  At  new  Moon,  A,  E,  and  S,  are  in  a  straigfat 
line,  so  that  B  and  C  coincide.  At  the  last  quadrature, 
the  Moon  is  at  iti,  the  Earth  at  f ,  and  the  common  centre 
at  a.  Now  the  Sun  is  seen  at  c,  8"  or  10"  to  the  westward 
of  his  calculated  place.  This  correction  has  been  pointed 
out  by  Newton,  but  it  was  not  observed  at  the  first,  owing 
to  its  being  blended  with  the  Sun^s  horizontal  parallax,  whidi 
had  not  been  taken  into  account.  But  it  was  soon  recp|^ 
nised,  and  it  now  makes  an  article  among  the  various  equa- 
tions used  in  calculating  the  Sun^s  place. 

Here,  then,  is  a  plain  proof  of  a  mutual  action  and  re* 
action  of  the  Earth  and  Moon.  For,  since  they  revolve 
round  a  common  centre,  the  Earth  is  unquestionably  d^ 
fleeted  into  the  curve  line  by  the  action  of  a  force  directed 
towards  the  Moon.  But  we  have  a  much  better  proof. 
The  waters  of  the  ocean  are  observed  every  day  to  heap  up 
on  that  part  of  our  globe  which  is  under  the  Moon.  In 
this  situation,  the  weight  of  the  water  is  diminished  by  the 
attraction  of  the  Moon,  and  it  requires  a  greater  elevation, 
or  a  greater  quantity,  to  compensate  for  the  diminished 
weight  On  the  other  hand,  we  see  the  waters  abstracted 
from  all  those  parts  which  have  the  Moon  in  the  horiion. 
Kepler,  aAer  asserting^  in  very  positive  terms,  that  the 
Earth  and  Moon  would  run  together,  and  are  prevented  by 
a  mutual  circulation  round  their  common  centre,  adducai 
the  tides  as  a  proof. 

213.  As  die  art  of  observation  continued  to  imprave, 
astronomers  were  able  to  remark  abundant  proofs  of  the 
tendency  of  the  Sun  toward  the  planets.  When  the  great 
planets  Jupiter  and  Saturn  are  in  quadrature  with  the 
Earth,  to  the  right  hand  of  the  line  drawn  from  the  Earth 
to  the  Sun's  calculated  place,  the  Sun  is  then  observed  to 
shiil  to  the  Icfl  of  that  line,  keeping  always  on  the  oppo^te 
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sdr  oF  the  common  centre  of  position.  Thcst?  deviations 
gat  indeed  very  minule,  because  the  Sun  is  vastly  more 
■MMte  than  all  the  planets  collected  into  one  lump.  Btrt 
ialaTPurablc  situations  of  these  planets,  they  arc  perfectly 
Moable,  and  have  been  calculated  ;  and  they  must  be  taken 
mt  in  every  calculation  of  the  Sun's  place  in  order 
it  with  the  accuracy  that  is  now  attainable.  It 
granted  that  tins  accuracy,  actually  attiuned  by 
those  corrections,  and  unattainable  without  them, 
proof  of  this  mutual  deflection  of  the  Sun  to- 
planets.  The  quantity  corresponding  to  one  planet 
1,  of  itself,  to  be  very  distinctly  obse^^■cd  ;  but, 
illy  combining  with  othera  of  the  same  kind, 
becomes  very  sensible,  and  susceptible  of  measure. 
ItnBttiiDee  amounts  to  38  seconds,  and  must  never  be 
tMMtmi  in  the  calcuialiuns  subservient  to  the  finding  the 
boptnAt  of  a  ship  at  sea.  Philosophy,  in  this  instance,  is 
gRBfdjr  indebted  to  the  arts.     And  she  has  liberally  repaid 

nt.  Here  it  is  worthy  of  remark,  that  had  the  Sun  been 
■vkaMller  than  he  is,  so  that  he  would  have  moved 
maA  hrtber  from  the  common  centre,  and  would  have 
ha  moch  more  agitated  by  the  tendencies  to  the  different 
finli,  it  is  probable  that  we  never  should  have  acquired 
If  dolinct  Of  useful  knowledge  of  the  system.  For  we 
w  m  that  Kepler's  laws  cannot  be  strictly  true ;  yet  it 
VMtlMM  laws  alone  that  suggested  the  thought,  and  fur- 
■abed  to  young  Newton  the  means  of  investigation.  The 
ulngy  of  the  periodic  times  and  distances  is  accurate,  only 
flih  Ripect  to  the  common  centre,  but  not  witli  respect  to 
the  Soil  But  the  great  ma^  of  tlic  Sun  occasions  this 
ammaa  centre  to  be  generally  within  his  surface,  and  it  is 
■m  (fiatant  from  it  one-fourth  of  his  diameter.  Thcrefon; 
Aittfaiid  law  of  Kepler  is  so  nearly  exact  in  respect  of  the 
&■(  ifcai  the  art  of  observation,  in  Newton's  lifetime,  could 
mt  h*R  Ibund  any  errors.     Ttic  penetrating  eye  trf  New- 
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ton  however  immediately  perceived  lus  own  good  fortune^ 
and  his  error  in  supposing  Kepler^s  laws  accurately  tnuu 
But  this  was  not  enough  for  his  philosophy ;  he  was  deter- 
mined that  it  should  narrate  nothing  but  truth.  With 
great  ingenuity,  and  elegance  of  method,  he  demonstnlea 
that  his  mechanical  inferences  from  Kepler's  laws  are  adll 
strictly  true,  and  that  his  own  law  of  planetary  force  isezact* 
although  the  centre  of  revolution  is  not  tlie  centre  of  the 
Sun.  AJl^e  difference  respects  the  absolute  magnitude  of 
the  periodic  times  in  relation  to  the  magnitude  of  the  ibfoe. 
This  he  demonstrates  in  a  series  of  propositions,  of  which 
we  have  given  the  chief. 

215.  Newton  proceeds  still  further  in  his  investigatiaa  of 
the  extent  of  the  influence  of  this  planetary  force,  and  says 
that  all  the  planets  mtUuaihf  tend  toward  each  other.  It 
does  not  appear  how  tbb  opinion  arose  in  his  mind.  There 
are  abundance  of  phenomena,  however,  of  easy  observatioa, 
which  make  it  very  evident.  It  was  probably  a  conjecturei 
suggested  by  observing  this  reciprocal  action  between  the 
Earth  and  Moon.  But  he  immediately  followed  it  into  its 
consequences,  and  pointed  them  out  to  the  astronomers. 
They  are  very  important,  and  explain  many  phenomena 
which  had  hitherto  greatly  perplexed  the  astronomers. 

Suppose  Jupiter  and  Mars  to  be  in  conjunction,  lying  in 
the  same  line  from  the  Sun.  As  Mars  revolves  much 
quicker  than  Jupiter,  he  gets  before  him,  but,  being  at- 
tracted by  Jupiter,  his  motion  is  retarded — and  Jupiter^ 
being  attracted  by  Mars,  is  accelerated.  On  the  contrary, 
before  Mars  arrives  at  conjunction  with  Jupiter,  Mars  is 
accelerated,  and  Jupiter  is  retarded.  Furtlier,  the  attraction 
of  Mars  by  Jupiter  must  diminish  the  tendency  of  Mars  to 
the  Sun,  or  must  act  in  opposition  to  the  attraction  of  the 
Sun  ;  therefore  the  curvature  of  Mars^s  orbit  in  that  place 
must  be  diminished.  On  the  contrary,  the  tendency  of 
Jupiter  to  Mars,  acting  in  the  same  direction  as  his  ten- 
dency  to  the  Sun,  must  increase  the  curvature  of  that  part 
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of  JiiiHt»''*8  ofbit  If  Jupiter  be  at  this  time  advandng  to 
hit  aphelion,  this  increase  of  curvature  will  sooner  bend  the 
Enecrf*  his  motion  from  an  obtuse  into  a  right  angle  with 
die  radius  vector.  Therefore  his  aphelion  will  be  sooner 
attained,  and  it  will  appear  to  have  shifted  to  the  westward. 
For  the  opposite  reasons,  the  apsides  of  Mars  will  seem  to 
rfnft  to  the  eastward.  There  are  other  situations  of  these 
jdanets  where  the  contrary  effects  will  happen.  In  each 
revtdutioii,  each  planet  will  be  alternately  accelerated  twice, 
and  twice  retarded,  and  the  apsides  of  the  exterior  planet 
will  continually  recede/  and  that  of  the  interior  will  ad- 
vance. It  is  obvious  that  this  disturbance  of  the  motion  of 
a  planet  by  its  deflection  to  another,  though  probably  very 
nunute,  yet  bong  continued  for  a  tract  of  time,  its  accumu- 
lated result  may  become  very  sensible.  These  changes  are 
all  flusoepdUe  of  accurate  calculation,  as  we  shall  afterwards 
explain  particularly. 

Tbis  must  be  considered  as  a  convincing  proof  of  the 
mntoal  action  of  the  heavenly  bodies,  and  it  adds  fresh 
lustre  to  the  penetration  and  genius  of  Newton,  who  made 
these  assertions  independent  of  observation,  pointing  out  to 
astronomers  the  sure  means  of  perfecting  thdr  knowledge 
of  the  celestial  motions. 

218.  Here  therefore  we  have  established  a  fifth  propor- 
tion in  physical  astronomy,  namely,  that  t?uU  all  the  bodies 
tit  fAe  solar  mfHem  tend  mutually  toioard  one  another ^  with 
Jbrt€9  «Mc&  x>ary  tn  the  inverse  duplicate  ratio  of  tfie  die^ 


It  did  not  satisfy  Newton  that  he  merely  pointed  out  the 
effect  o£  this  mutual  tendency.  He  gave  astronomers 
the  means  of  investigating  and  ascertaining  its  intensity, 
and  its  variation  by  a  variation  of  distance.  The  effect  of 
the  Earth^s  tendency  to  Jupiter  during  any  length  of  time, 
nay  be  computed  by  means  of  Newton^s  dynamical  propo- 
■tians,  contained  in  the  first  book  of  his  Principia,  particu- 
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larly  by  the  S9th.     Of  these  we  have  given  a  proper  selec- 
tion in  the  general  doctrines  of  Dynamics. 

217.  But  the  inquisitive  mind  of  Newton  did  not  stop 
here.  He  was  anxious  to  learn  whether  this  planetary  ten- 
dency had  any  resemblance  or  relation  to  forces  with  which 
we  are  more  familiarly  acquainted.  Of  this  kind  are  mag- 
netism and  gravity.  He  was  tlie  more  indted  to  this  inves- 
tigation by  the  conjectures  on  this  subject  which  had  arisen 
in  the  mind  of  Kepler.  This  great  astronomer  had  been 
much  taken  with  the  discovery  just  published  by  Dr  Gil- 
bert of  Colchester,  stating  that  this  Earth  is  a  great  011^ 
net,  and  he  was  disposed  to  ascribe  the  revolution  of  the 
Moon  to  the  magnetical  influence  of  the  Earth.  It  Bppaaru 
from  Newton's  papers,  that  he  had  made  a  great  many  ex- 
periments for  discovering  the  law  of  magnetic  action.  But 
he  had  found  it  so  dependant  on  circumstances  of  form  and 
situation,  and  so  changeable  by  time,  that  it  seemed  susoep- 
tible  of  no  comparison  with  the  solar  force ;  and  he  soon 
gave  it  up.  He  was  more  successful  in  tracing  the  resem- 
blances observable  in  the  phenomena  of  common  gravity. 
It  has  been  already  remarked  (197.)  that,  very  early  in 
life,  he  had  conjectured  that  it  was  the  same  with  the  solar 
force,  and  that  after  he  had  formed  the  opinion  that  the 
solar  force  varied  in  the  inverse  duplicate  ratio  of  the  dis- 
tance, he  put  his  conjecture  to  the  test,  by  comparing  the 
fall  of  a  stone  with  the  deflection  of  the  Moon.  The  dis- 
tance of  the  Moon  is  estimated  to  be  60  semidiametera  of 
the  Earth.  Therefore,  if  gravity  and  the  lunar  deflecting 
force  be  the  same,  the  stone  should  deflect  as  much  in  one 
second  as  the  Moon  does  in  a  minute.  For  we  may,  with- 
out any  sensible  error,  suppose  that  the  lunar  force  acts 
uniformly  during  one  minute.  If  so,  the  linear  deflectiooa 
must  be  as  the  squares  of  the  times.  The  deflection  in  a 
minute  must  be  60  X  60  times,  or  8600  times  the  deflec- 
tion in  a  second.  But,  according  to  the  law  of  planetary* 
force,  the  deflection  at  the  Earth's  surface  must  be  60  X  60, 
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or  S600  times  the  deflection  at  the  Moon.  Now,  in  a 
aeoond,  a  stone  falls  16  feet  and  an  inch.  Therefore  the 
Mood  should  deflect  16  feet  and  an  inch  in  a  minute  from 
die  tangent  of  her  orbit.  Newton  calculated  the  versed 
me  of  the  arch  described  by  the  Moon  in  a  minute,  to  a 
ndius  equal  to  60  semidiameters  of  the  Earth.  He  found 
it  only  about  13^  feet,  and  he  gave  over  any  farther  in- 
qmry.  But  he  had  hastily  supposed  a  degree  to  contain 
60  miles,  not  attending  to  the  difference  betweeu.  a  geogra^ 
plucal  mile  or  60th  of  a  degree,  and  an  English  statute 
mila  A  d^iee  contains  69  such  miles ;  so  that  he  had 
made  the  Moon^s  orbit,  and  consequently  her  deflection,  too 
small  in  the  same  proportion.  If  we  increase  the  calcu- 
lated deflection  in  this  proportion,  it  comes  out  exactly 
l&i^ ;  and  the  conjecture  is  fully  established. 

When  Picard's  accurate  measure  of  the  Eartli  had  enabled 
NewtoD  to  confirm  his  former  conjecture  concerning  the 
identity  of  the  planetary  force  and  terrestrial  gravity,  he 
again  made  the  calculation  and  comparison  in  Hie  most 
scrupulous  manner.  For  we  now  see  that  several  circum- 
stances must  be  taken  into  the  account,  which  he  had 
emitted  in  his  first  computation  from  Picard's  measure  of 
the  Earth.  The  fall  in  a  socond  is  not  the  exact  measure 
of  terrestrial  gravity.  A  stone  would  fall  farther,  were  it 
not  that  its  gravity  is  diminished  by  the  Earth's  rotation. 
It  IS  also  dinunished  by  the  action  of  the  Sun  and  Moon, 
and  by  the  weight  of  the  ur  which  the  stone  displaces. 
AJl  these  diminutions  of  the  accelerating  force  of  gravity 
are  susceptible  of  exact  calculation,  and  were  accordingly 
calculated  by  Newton,  and  the  amount  added  to  the  ob- 
served acceleration  of  a  falling  body.  In  tlie  next  place, 
the  real  radius  of  the  Moon^s  orbit  must  be  reckoned  only 
iram  the  common  centre  of  the  Earth  and  Moon.  And 
then  the  force  deduced  from  this  deflection  must  be  increas- 
ed in  the  subduplicate  ratio  of  the  matter  in  the  Earth 
to  the  matter  in  the  Earth  and   Moon    added  together 
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All  this  has  been  done,  and  the  result  coincides  predsdy 
with  observation. 

This  may  be  demonstrated  in  another  way.  We  can 
tell  in  what  time  a  body  would  revolve  round  the  Earth, 
close  to  its  surface.  For  we  must  have  f  proportional  t6 
(P.  It  will  be  found  to  be  84  minutes  and  34  seconds. 
Then  we  know  the  arch  described  in  one  second,  and  caa 
calculate  its  deflection  from  the  tangent.  We  shall  find 
it  16^2  f^K^t,  the  same  with  that  produced  by  common 
gravity. 

218.  Terrestrial  gravity^  therefore,  orthatJbrcewhiiA 
causes  bodies  tojidly  or  to  press  on  their  supports,  is  onfya 
particular  example  of  that  universal  tendency,  hy  whidt  att 
tfie  bodies  qfttie  solar  system  are  retained  in  their  orbits,  ' 
We  must  now  extend  to  those  bodies  the  other  symp- 
toms of  common  gravity.  It  is  by  gravity  that  water  ar- 
ranges itself  into  a  level  surface ;  that  is,  a  surface  which 
makes  a  part  of  the  great  sphere  of  the  ocean.  The  weight 
of  this  water  keeps  it  together  in  a  round  form.  We  must 
ascribe  the  globular  forms  of  the  Sun  and  planets  to  a  fli- 
milar  operation.  A  body  on  their  surface  will  press  it  as 
a  heavy  body  presses  the  ground.  Dr  Hooke  remarks,  that 
all  the  protuberances  on  the  surface  of  the  Moon  are  of 
forms  consistent  with  a  gravity  toward  its  centre.  Thqf 
are  generally  sloping,  and,  though  in  some  places  very 
rugged  and  precipitous,  yet  nowhere  overhang,  or  have  any 
shape  that  would  not  stand  on  the  ground.  The  mare 
rugged  ports  are  most  evidently  matter  which  has  been 
thrown  up  by  volcanic  explosion,  and  have  fallen  down 
again  by  their  lunar  gravity. 

219.  That  property  by  which  bodies  are  heavy  is  called 
GEAviTY,  HEAVINESS — the  bciug  hcavy ;  and  thejaci  that 
it  moves  toward  the  Eartli,  may  be  called  geavitatiow. 
While  it  falls,  or  presses  on  its  supports,  it  may  be  said  to 
graxntate,  to  give  indication  of  its  being  gravis  or  heavy. 
In  tliis  sense  the  planets  gravitate  to  the  Sun,  and  the 
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tuodsry  planets  to  Lheir  primaries,  ant},  in  short,  every 
hodj  in  the  sobr  system  lo  every  other  bojy.  By  tlie  verb 
ligraviiaic,  nothing  is  tuctuit  hut  the  fact,  that  they  either 
ictually  approach,  or  manifest,  by  a  very  sensible  pressure, 
mdendes  to  approach  the  body  to  which  tliey  arc  said  lo 
|nqtal£-  The  verb,  or  the  noun,  should  not  be  consider- 
ed «  the  expression  of  any  quality  or  property,  but  merely 
<in  ^enoinenon,  a  fact  or  event  in  nature. 

fiut  this  deviation  from  uniform  rectilineal  motion 

ui  effect,  and  it  is  of  importance  to  discover 

Now,  in  the  most  familiar  instance,  tlie  faU  or 

of  a  heavy  body,  we  ascribe  the  fall,  or  pressure 
the  tendency  In  fall,  to  its  heaviness.  But  we  have 

Solioa  of  tliis  hcav'mess  than  the  very  thing  which 
to  it  as  an  effect.     The  feeling  tlie  hea>'iness  of 

of  lead  that  lies  in  our  hand,  is  the  sum  of  all  that 

about  it.  But  we  consider  this  heaviness  as  ajyro- 
per^efall  terrestrial  matter,  because  all  bodies  give  some 
of  iboK  appearances  which  we  consider  as  indications  of  it. 
All  moTG  toward  the  Earth  if  not  supported,  and  all  press 
(BtlKnipport.  The  feeling  of  pressure  which  a  heavy 
bodj  cxdtes  might  be  considered  as  its  characteristic  phe- 
tunenaii ;  for  It  is  this  feeling  that  makes  us  think  it  a 
&roe— we  must  oppose  our  force  to  it ;  but  we  cannot  dis- 
tingiiish  it  frora  the  feehng  of  any  other  equal  pressure.  It 
it  nuxt  distinguishable  as  the  cause  of  motion,  as  a  moving 
« tCEelerating  force.  In  short,  we  know  nothing  of  gravity 
but  die  phenomena,  which  we  consider,  not  as  gravity,  but 
u  as  indication.    It  is,  like  every  other  force — an  unknown 

The  xeeiglU  of  a  body  should  be  distinguished  from  lis 
gantjr  or  Iiea\ines5,  and  the  term  should  be  reserved  for 
iqvaung  the  measure  of  the  imited  gravitation  of  all  the 
ntter  in  the  body.  This  is  indeed  llie  proper  sense  of  the 
Inn  aoglU-^-jjoTulua.  In  ordinary  business,  we  meaeure 
4fii|^g''tfi  ol  bodies  by  means  of  known  units  of  weight. 
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A  piece  of  lead  is  said  to  be  of  twenty  pounds  weight  when 
it  balances  twenty  pieces  of  matter,  each  of  which  is  a 
pound ;  but  we  frequently  measure  it  by  means  of  other 
pressures,  as  when  we  judge  of  it  by  the  division  to  which 
it  draws  the  scale  of  a  spring  steelyard. 

221.  We  estimate  the  quantity  of  matter  in  a  body  by 
its  weight,  and  say  that  there  is  nineteen  times  as  much 
matter  in  a  cubic  foot  of  gold  as  there  is  in  a  cubic  foot  of 
water.  This  evidently  presupposes  that  cUl  matter  U  heavy^ 
and  equally  Iieavy — that  every  primitive  atom  of  matter  is 
equally  heavy.  But  this  seems  to  be  more  than  we  are  en- 
titled to  say,  without  some  positive  proof.  There  is  nothing 
inconceivable  or  absurd  iu  supposing  one  atom  to  be  twice 
or  thrice  as  heavy  as  another.  As  gravity  is  a  contingent 
quality  of  matter,  its  absolute  strength  or  force  is  also  con- 
tingent and  arbitrary.  We  can  conceive  an  atom  to  have 
no  weight.  Nay,  we  can  as  clearly  conceive  an  atom  of 
matter  to  be  endowed  with  a  tendency  upwards  as  with  a 
tendency  downwards.  Accordingly,  during  the  prevalence 
of  the  Stahlian  doctrine  of  combustion,  that  matter  which 
imparts  inilamnmbility  to  bodies  was  supposed  to  be  not 
only  without  weight,  but  positively  light,  and  to  diminish 
the  weight  of  the  other  ingredients  with  which  it  was  com- 
bined in  a  combustible  body.  In  tliis  way,  the  abettors  of 
that  doctrine  accounted  for  the  increase  of  weight  obaer- 
vable  when  a  body  is  burnt. 

There  is  nothing  absurd  or  unreasonable  in  all  this ;  and 
had  we  no  other  indication  of  gravity  but  its  pressure,  we 
do  not  see  how  this  question  can  be  decided.  But  graiaty 
is  not  only  a  pressing  power,  but  also  a  moving  or  accele- 
rating power.  If  a  body  consisted  of  a  thousand  atoms  of 
gravitating  matter,  and  as  many  atoms  of  matter  which 
does  not  gravitate,  and  if  the  gravity  of  each  atom  exerted 
the  pressure  of  one  grain,  this  body  would  weigh  a  thou- 
sand grains,  either  by  a  balance^or  a  spring  steelyard,  yet  > 
it  contains  two  thousand  atoms  of  matter.    But  take  ano« 
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ther  body  of  the  same  weight,  but  consisting  wholly  of  gra- 
vitating  atcms;  drop  these  two  bodies  at  once  from  the 
hand — the  last  mentioned  will  fall  Iti  feet  in  the  first  se- 
cond—the other  will  fall  only  8  feet  For  in  both  there  is 
the  same  moving  force;  therefore  the  same  quantity  of 
motion  will  be  produced  in  both  bodies ;  that  is,  the  pro- 
ducts of  the  quantities  of  matter  by  tlic  velocities  generated 
will  be  the  same.  Therefore  the  velocity  acquired  by  the 
mixed  body  will  be  one  half  of  that  acquired  in  the  same 
time  by  the  ample  body.  The  phenomenon  will  be  what 
was  asB^ted,  one  will  fall  16  and  the  other  only  8  feet. 

This  will  be  still  more  forcibly  conceived,  if  we  take  two 
bodies  a  and  b,  each  oont^ning  1000  atoms  of  gravitating 
matter,  and  attach  a  to  another  body  c,  containing  1000 
atoms  which  do  not  gravitate.  Now,  unless  we  suppose  c 
moveable  and  arrestable  by  a  thought  or  a  word,  we  can 
have  no  heritation  in  saying,  that  the  mass  a  +  c  will  fall 
with  half  the  velocity  of  b. 

We  see  therefore  that  the  accelerating  power  alone  of 
gravity  enables  us  to  decide  the  question,  *  whetlicr  all  ter- 
restrial matter  gravitates,'  and  gravitates  alike.  We  have 
only  to  try  whether  all  terrestrial  bodies  fall  equally  far  in 
the  same  time,  or  receive  an  equal  increment  of  velocity  iu 
the  same  time.  This  test  of  the  matter  did  not  escape  the 
penetrating  genius  of  young  Newton.  He  mode  experi- 
ments on  every  kind  of  substance,  mctais,  stones,  woods, 
grain,  salts,  animal  substances,  &c.  and  made  them  in  a  way 
susceptible  of  the  utmost  accuracy,  as  we  shall  sec  after- 
wards. The  result  was,  that  all  these  substances  were 
cquaDy  accelerated ;  and,  on  this  authority,  Newton  thought 
lumadf  entitled  to  say  that  all  XEUREsxaiAL  mattku  is 

EQUALLY  HEAVr. 

This  however  may  be  disputed.  For  it  is  plain,  that  if 
all  bodies  contain  an  equal  proportion  of  gravitating  and 
nongravitating  matter,  they  wiH  be  equally  accelerated; 
nay,  the  unequal  gravitation  of  diflerent  substances,  and 
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even  pootive  levity,  may  be  so  compensated  by  the  pro- 
portion of  those  diiFerent  kinds  of  matter,  that  the  total 
gravitation  may  still  be  proportional  to  the  whole  quantity 
of  matter. 

But,  till  we  have  some  authority  for  saying  that  there  is 
a  difference  in  the  gravitation  of  different  atoms,  the  just 
rules  of  philosophical  discussion  oblige  us  to  believe  that  all 
gravitate  alike.  This  is  corroborated  by  the  universalis 
of  the  law  of  mutual  and  equal  reaction.  Thb  is  next  to 
demonstration,  that  the  primitive  atoms  are  alike  in  every 
respect,  and  therefore  in  their  gravitation. 

We  are  entitled  therefore  to  say,  that  all  terrestrial  matter 
is  equally  heavy,  and  that  the  weight  of  a  body  is  the  inea^ 
sure  o(  the  united  gravitation  of  every  atom,  and  therefore 
is  a  measure  of,  or  is  proportional  to,  the  quantity  of  mat- 
ter contained  in  it. 

2222.  Newton  naturally,  and  justly,  extended  the  aflSmiiu 
tion  to  the  planets  and  to  the  Sun.  But  here  arises  a 
question,  at  once  nice  and  important.  The  law  of  graviuu 
tion,  so  often  mentioned,  is  exhibited  in  the  mutual  deflei^ 
tions  of  great  masses  of  matter.  These  deflections  are  in 
the  inverse  duplicate  ratio  of  the  distances  between  the 
centres  of  the  masses.  Are  we  warranted  by  this  observa- 
tion to  say,  that  this  is  also  the  law  of  action  between  every 
atom  of  one  body  and  every  atom  of  another  ?  Can  we  say 
in  general  that  the  law  of  corpuscular  action  is  the  same 
with  that  of  masses,  resulting  from  the  combined  action  of 
each  atom  on  each  ?  We  are  assured  by  experience  that  it 
is  not  For  we  observe  that,  in  magnets,  the  law  of  action 
(that  is,  the  relation  subsisting  between  the  distances  and 
the  intensities  of  force)  is  different  in  almost  every  different 
magnet,  and  seems  to  depend  in  a  great  measure  on  their 
form. 

Newton  was  too  cautious,  and  too  good  a  log^sian,  to 
advance  such  a  proposition  without  proof;  and  therefore, 
confining  himself  to  the  single  case  of  sperical  and  spheroidal 
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I,  the  forms  in  which  we  observe  the  planetary  niAsses 
1b\k  canpscted,  he  inquired  what  sensible  action  belwcen 
AeiBHees  will  result  from  an  action  between  their  pitr- 
itlti  inversely  proportional  lo  the  equare  of  thejr  distances. 
I  Lei  ALBM,  albm  (Fig.  21.)  be  two  splierieal  sur- 
&at,  of  which  C  is  the  common  centre,  and  let  the  space 
betveeo  them  be  filled  with  gravitating  matter,  unifonoly 
jente.  Let  />  be  a  particle  placed  any  where  within  tluB 
^ihencal  shell,  to  every  particle  of  which  it  gravitates  with 
■  force  inversely  as  the  square  of  its  distance  from  iu  This 
pvtide  will  have  no  tendency  to  move  in  any  direction, 
becauie  its  gravitation  in  any  one  tiireclion  is  exactly  bal- 
nced  by  nn  equal  gravitation  in  the  oppowte  direction. 

Draw  through  p  the  two  straight  lines  dp  t,  epj,  mak- 
ing a  very  small  angle  at  p.  This  may  represent  the  seo- 
lidD  of  a  very  slender  double  cone  dp  e,  ^p .,  having  p 
tor  tbe  common  vertex,  and  dc,  ii  for  the  diameters  of 
tile  arcalar  bases.  The  gravitation  of  p  to  the  matter  in 
the  base  d  r  is  equal  to  its  gravitation  to  the  matter  in  the 
Ime  l>.  For  the  number  of  particJes  in  dc  is  to  ibe  num- 
ber in  1 1  as  the  surface  of  the  liase  de  la  that  of  the  base 
)•,  that  is,  as  (if'  to  ''',  that  is,  as  pd''  to  pi",  iJiat  is,  as 
tbe  gtoTitation  to  a  particle  in  l>  to  tbe  gravitation  to  a 
{article  m  de.  Therefore  ^Iie  whole  gravitation  lo  Uie 
nutor  in  de  is  the  same  with  the  whole  gravitation  to  the 
matter  id  )>— since  it  is  also  in  the  opposite  direction,  the 
particle  p  is  in  equilibrio.  Tbe  &ume  thing  may  be  de- 
noDstnted  of  the  gravitation  to  the  matter  in  y  r  and  s  t, 
suit  in  like  manner,  of  the  gravitation  to  the  matter  iu  tbe 
ndxMiB  of  the  cones  dp  e,  tp  •  by  any  other  concentric  sur- 
face. Consetjuently,  the  gravitation  to  the  whole  matter 
contained  in  the  solid  dgrc  is  equal  to  the  gravitation  to 
the  whole  matter  in  the  solid  itst,  and  the  particle  p  is  stlU 
in  equilibrio. 
Now,  since  the  lines  dp  >,  ep  l  may  be  drawn  in  any  di- 
t  and  thus  be  mardti  to  occupy  the  nhvle  spliere,  it  is 
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evident  that  the  gravitation  of  p  is  balanced  in  every 
tion,  and  therefore  it  has  no  tendency  to  move  in  any  direc- 
tion in  consequence  of  this  gravitation  to  the  spherical  shell 
of  matter  comprehended  between  the  surfaces  A  L  B  M 
and  albm. 

It  is  also  evident,  that  this  holds  true  with  respect  to  all 
the  matter  comprehended  between  ALBM  and  the  con- 
centric surface  pvn  passing  through  p ;  in  short,  p  ib  m 
equilibrio  in  its  gravitation  to  all  the  matter  more  remote 
than  itself  from  the  centre  of  the  sphere,  and  appears  as  if 
it  did  not  gravitate  at  all  to  any  matter  more  remote  from 
the  centre. 

S33.  We  have  supposed  the  spherical  shell  to  be  uni*> 
formly  dense.  But  p  will  still  be  in  equilibrio,  although 
the  shell  be  made  up  of  concentric  strata  of  different  den- 
sity, provided  that  each  stratum  be  uniformly  dense.  For  . 
should  we  suppose,  that,  in  the  space  comprehended  be- 
tween A  L  B  M  and  pnv^  there  occurs  a  surface  albm 
of  a  different  density  from  all  the  rest,  the  gravitation  to 
the  intercepted  portions  q  r  and  8 1  are  equal,  because  theie 
portions  are  of  equal  density,  and  are  proportional  to  p^  . 
and  ps*  inversely.  The  proposition  may  therefore  be 
expressed  in  the  following  very  general  terms :  *  Apartide 

*  placed  any  where  within  a  spherical  sliell  of  graviiating 

*  matter^  .of  equal  density  at  all  equal  distances  from  ife 

*  centre^  roiil  be  in  equUUfriOj  and  will  have  no  tendem^ 
^  to  move  in  any  direction,^ 

Remark. — The  equality  of  the  gravitation  to  the  surfiuse  ;* 
ed  and  to  the  surface  i)  is  affirmed,  because  the  numbers  : 
of  particles  in  the  two  surfaces  are  inversely  as  the  gncvi*  ^ 
tations  towards  one  in  each.    Por  the  very  same  reaaon*  /* 
the  graidtations  to  the  8ur£Eu;es  ed^  and  q  r,  and  t  Sy  are  all  ,^ 
equal     Hence  may  be  derived  an  elementary  propodtioo, 
which  is  of  great  use  in  all  inquiries  of  this  kind,  namdy, 

324.  If  a  cone  or  pyramid  dp  e^  of  uniform  gravitating  ^ 
matter,  be  divided  by  parallel  sections,  de^  qr^  &c.  the 
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gravitadon  of  a  particle  p  in  the  vertex  to  each  of  those 
sections  is  the  same,  and  the  gravitations  to  the  solids 
pgr^fide,  qder^  &c.  arc  proportional  to  their  lengths 
pq^  pd,  qd*  &c.  The  first  part  of  this  proposition  is  al- 
ready demonstrated.  Now,  conceive  the  cone  to  be  thus 
divided  into  innumerable  slices  of  equal  thickness.  It  is 
plain,  that  the  gravitation  to  each  of  these  is  the  same,  and 
therefore  the  gravitation  to  the  solid  gp  r  is  to  the  graidta- 
tion  to  the  solid  qder  as  the  number  of  slices  in  the  first 
to  the  number  in  the  second,  that  is,  as  p  9,  the  length  of 
the  first,  \Dqdj  the  length  of  the  second. 

The  cone  dpe  was  supposed  extremely  slender.  This, 
was  not  necessary  for  the  demonstration  of  the  particular 
case,  where  all  the  sections  were  parallel.  But  in  this  ele- 
mentary proposition,  the  angle  at  p  is  supposed  smaUer 
than  any  assigned  angle,  that  the  cone  or  pyramid  may  be 
considered  as  one  of  the  elements  into  which  we  may  re- 
solve a  body  of  any  form.  In  this  resolution,  the  bases 
are  supposed,  if  not  otherwise  expressly  stated,  to  be  par- 
allel, and  perpendicular  to  tiic  axes ;  indeed  they  are  sup- 
posed to  be  portions  xr^  y  Cy  ::  *,  &c.  of  spherical  surfaces, 
having  their  centres  in  p.  The  small  portions  wrq^  Jf^d, 
*  ■ ',  8zc.  are  held  as  insignificant,  vanishing  in  the  ultimate 
ratios  of  the  whole  solids. 

It  is  easy,  also,  to  see,  that  the  equilibrium  of  p  is  not 
limited  to  the  case  of  a  spherical  shell,  but  will  hold  true 
of  any  body  composed  of  parallel  strata,  or  strata  so  formed 
that  the  lines  pd,  p^  are  cut  in  the  same  proporticm  by 
the  sections  de,  qr^  &c.  In  a  spheroidal  shell,  for  exam- 
ple, whose  inner  and  outer  surfaces  are  similar,  and  umi- 
larly  posited  spheroids,  the  particle  p  will  be  in  equilibrio 
any  where  within  it,  because,  in  this  case,  the  lines  p  %  and 
n  <r  are  equal ;  so  are  the  lines  p  *  and  o  d,  the  lines  t  %  and 
r^,  the  lines  «>  and  qd,  &c.  In  most  cases,  however, 
there  is  but  one  situation  of  the  particle  p  that  will  ensure 
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tluft  equilibriunL    But  we  may,  at  the  same  time,  infer  the 
following  very  useful  proposition. 

235.  If  there  he  two  soRds  perfecOy  stmUar,  and  of  (he 
eame  uni/brm  densify,  the  gravitation  to  each  of  these  so- 
Udfif  bjf  a  particle  similarly  placed  on  or  in  each,  ispropor^ 
Uonat  to  any  homologous  lines  of  (he  solids, 

Vor,  the  solids  being  similar,  they  may  be  resolved  into 
the  same  number  of  similar  pyramids  amilarly  placed  un 
the  solids.  The  gravitations  to  each  of  any  corresponding 
pair  of  pyramids  are  proportional  to  the  leiiigths  of  those 
pyramids.  These  lengths  have  the  same  proportion  in 
every  corresponding  pur.  Therefore  the  absolute  gravi- 
tations to  the  whole  pyramids  of  one  solid  has  the  same 
ratio  to  the  absolute  gravitation  to  the  whole  pjrramids  of 
the  other  solid.  And,  since  the  solids  are  similar,  and  the 
particles  are  at  the  similarly  placed  vertcxes  of  aU  the  aimi- 
lar  and  similarly  placed  pyramids,  the  gravitation  com- 
pounded of  the  absolute  gravitations  to  the  pyramids  of 
one  solid  has  the  same  ratio  to  the  gravitation  ^milarly 
compounded  of  the  absolute  gravitations  to  the  pyramids 
of  the  other. 

226.  The  gravitation  of  an  external  particle  to  a  sphe^ 
rical  surface f  sheU^  or  entire  spJiere^  which  is  equally  dense 
at  all  equal  distances  ^ from  the  centre^  is  the  same  a^  ifH^ 
whole  matter  were  collected  in  its  centre. 

Let  ALBM  (Fig.  2L)  represent  such  a  sphere,  and 
let  P  be  the  external  particle.  Draw  PACE  through 
the  centre  C  of  the  sphere,  and  cross  it  by  L  C  M  at  right 
angles.  Draw  two  right  lines  PD,  P  E,  containing  a  veiy 
small  angle  at  P,  and  cutting  the  great  circle  A  L  B  M  in 
D,  E,  D',  E'.  About  P  as  a  centre,  with  the  distance 
P C,  describe  the  arch  Cdm^  cutting  DP  in  d,  and  E P 
in  e.  About  the  same  centre  describe  the  arc  DO.  Praw 
d  F,  ^  G  parallel  to  A  B,  and  cutting  L  C  in  y  and  g. 
Draw  C  K  perpendicular  to  P  D,  and  d  H,  D ),  and 
F I  ^  perpendicular  to  A  B.    Join  C  D  and  C  F. 


GRAVITATION  TO  A  SPHERE.  125 

Now,  let  the  figure  be  supposed  to  turn  round  the  axis 
P  B.  The  semicircumference  ALB  will  generate  a  com- 
plete spheiical  surface.  The  arch  C  dm  will  generate  an- 
oAer  spherical  surface,  having  P  for  its  centre.  The  smaD 
ardies  D  E,  de^  F  6  will  generate  rings  or  zones  of  those 
spherical  surfaces.  D  O  will  also  generate  a  zone  of  a  sur- 
hoe,  ha^ng  P  for  its  centre :  J^g  and  F I  will  generate 
zones  of  flat  drcular  surfaces. 

It  is  evident,  that  the  zones  generated  by  D  E  and  DO 
(which  we  may  call  the  zones  D  E  and  D  0),  having  the 
same  ndius  D),  are  to  each  other  as  their  respective 
breaddis  J)  E  and  D  O.  In  like  manner,  the  zones  gen- 
erated hy  de^  fg^  FI,  F6,  being  all  at  the  same  dis- 
tance from  the  axis  AB,  are  also  as  their  respective 
breadths  de^fg,  F  I,  F  G.  But  the  zone  DO  is  to  the 
zone  de  as  P  D'  to  P  d^.  For  D  O  is  to  (2^  as  F'D  to 
P  d^  anil  the  radius  of  rotation  D )  is  to  the  radius  d'Rj 
abo  as  1?  D  to  V  d.  The  circumferences  described  by 
D  O  and  de  are  therefore  in  the  same  proportion  of  P  D  to 
P  d.  Therefore  the  zones,  being  as  their  breadths  and  a9 
their  circumferences  jointly,  are  as  P  D*  and  P  d\ 

C  K  and  d  H,  being  the  sines  of  the  same  arch  C  d,  are 

equal.      Therefore  K  D  and  j^F,  the  halves  of  chords 

equally  distant  from  the  centre,  are  also  equal.     Therefore 

the  triangles  C  D  K  and  C  Fy*are  equal  and  similar.    But 

C DK  is amilar  to  EDO.     For  the  right  angles  P D O 

and  C  D  E  are  equal.     Taking  away  the  common  angle 

C  DO)  the  reminders  C  D  K  and  E  D O  are  equal.     In 

fike  manner,  C  Fy*  and  G  F I  are  similar,  and  therefore 

(once  C  D  K  and  C  Yf  are  similar)  the  elementary  tri- 

angjies  EDO  and  GF  I  are  similar,  and  DO  :  DE  = 

PI:FG. 

The  absolute  gravitation  or  tendency  of  P  to  the  zone 
Bo  is  equal  to  its  absolute  gravitation  to  the  zone  de^  be- 
cause the  number  of  particles  of  the  first  b  to  the  number 
in  the  last  ui  P  D*  to  P  d',  that  is,  inversely,  as  the  gra- 
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Titation  to  a  particle  in  the  first  to  the  gravitation  to  a  par- 
ticle in  the  last  Therefore  let  c  express  the  drcumference 
of  a  circle  whose  radius  is  1.  The  surface  of  the  zone 
generated  by  D  O   will   be  D  O  x  c  x  'D  ^    and    the 

.     '.      Ml   u     D  O  X  c  X  D  > 
gravitation   to    it   will   be    p-g^ ,    to    which 

dexcxdK        dexcxdH.  .     _,. 
p-^- ,  or p-^5 is  equal.    This  express- 
es the  absolute  gravitation  to  the  zone  generated  by  D  O, 
this  gravitation  being  exerted  in  the  direction  P  D. 

But  it  is  evident  that  the  tendency  of  P,  ariung  from  its 
gravitation  to  every  particle  in  the  zone,  must  be  in  the 
direction  PC.  The  oblique  gravitation  must  therefore 
be  estimated  in  the  direction  P  C,  and  must  be  redu- 
ced, in  the  proportion  of  P  £J  to  P  H.  It  is  plain  that 
P  rf  :  P  H  :=  rf  e  :  yg",  because  d  e  and  J^g  are  perpen^ 
clicular  to  P  ^  and  P  H.  Therefore  tlie  reduced  or  cen- 
tral gravitation  of  P  to  the  zone  generated  by  D  0  will  be 

expressed  by*^^  p  >^^ . 

But  the  gravitation  to  the  zone  generated  by  D  O  is  to 
the  gravitation  to  the  zone  generated  by  D  E,  as  D  O  to 
I)  E,  that  is,  as  F  I  (or  fg)  to  F  G.  Therefore  tlie  cen- 
tral gravitation  to  the  zone  generated  by  D  E  will  be  ex- 
pressed by  ^^^^^'^^,     Now  FGxcxrfHisthe 

value  of  the  surface  of  the  zone  generated  by  F  G.  And 
if  all  this  matter  were  coUected  in  C,  the  gravitation  of  P 

to  it  would  be  exactly ^-^^ ,  and  it  would  be  in 

the  direction  P  C.  Hence  it  follows,  that  the  central  gra- 
vitation of  P  to  the  zone  generated  by  DE,  is  the  same  as 
its  gravitation  to  all  the  matter  in  the  zone  generated  by 
F  G,  if  that  matter  were  placed  in  C. 

What  has  been  demonstrated  respecting  tlie  arch  D  £, 
is  true  of  every  portion  of  the  circumference.    Each  has  a 


r.RAYITATIOK  TO  A  SPHERE.  1S7 

wbititute  F  6,  which  being  placed  in  the  centre  C,  the 
gtATitation  of  P  is  the  same.  If  P  T  touch  the  sphere  in 
T,  eveiy  portioii  of  the  arch  TLB  will  have  its  substitute 
in  the  quadrant  L  B,  and  every  part  of  the  arch  A  T  has 
its  substitute  in  the  quadrant  A  T  L,  as  is  easily  seen. 
Aad  hence  it  follows,  that  the  gravitation  of  a  particle  P 
to  a  spherical  surface  A  L  B  M  is  the  same  as  if  all  the 
matter  of  that  surface  were  collected  in  its  centre. 

We  see,  also,  that  the  gravitation  to  the  surface  gene- 
nted  by  the  rotation  of  A  T  round  A  B  is  equal  to  the 
gnvitatioQ  to  the  surface  generated  by  T  L  B,  which  is 
much  larger,  but  more  remote. 

What  we  have  now  demonstrated  with  respect  to  the 
nrfiuse  genoated  by  the  semidrcle  A  L  B  is  equally  true 
inth  regard  to  the  surface  generated  by  any  concentric  se- 
vudrde,  such  aa  alb.     It  is  true,  therefore,  in  regard  to 
the  Ml  comprehended  between  those  surfaces ;  for  this 
AtH  may  be  resolved  into  innumerable  concentric  strata, 
and  the  proposition  may  be  affirmed  with  respect  to  each 
of  them,  and  therefore  with  respect  to  the  whole.     And 
ttuB  will  still  be  true,  if  the  whole  sphere  be  thus  occupied. 
Lastly,  it  follows,  that  the  proposition  is  still  true,  al- 
though those  strata  should  differ  in  density,  provided  that 
cadi  stratum  is  uniformly  dense  in  every  part. 

It  may  therefore  be  affirmed,  in  the  most  general  terms, 
that  a  particle,  P,  placed  without  a  spherical  surface,  shell, 
or  entire  sphere,  equally  dense  at  equal  distances  from  the 
centre^  tends  to  the  centre  with  the  same  force  as  if  the 
whole  matter  of  the  surface,  shell,  or  sphere,  were  col- 
lected there. 

This  will  be  found  to  be  a  very  important  proposition, 
greatly  asusting  us  in  the  explanation  of  abstruse  pheno- 
n>eDa  in  other  departments  of  natural  philosophy. 

827.  The  graviUUion  of  an  external  particle  to  a  splu- 
*w/  turfiMce^  shelly  or  entire  sphere,  qfuni/brm  density^  at 
^fui  distances  fiom  the  centre,  is  as  the  quantity  of  mat- 
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ter  in  (hat  body,  direcOy,  and  Oi  the  square  qf  the  dUkmce 
^firwn  Us  centre,  inversely. 

For  if  all  the  matter  were  collected  lo  its  centre^  the 
gravitation  would  be  the  8anie«  and  it  would  then  vary  in 
the  inverse  duplicate  ratio  of  the  distance. 

298.  Cor.  1.  Particles  placed  on  the  surface  of  spheres 
of  eqtial  density,  gravitate  to  the  centres  of  those  sfdieres 
with  forces  proportional  to  the  radii  of  the  spheres. 

For  the  quantities  of  matter  are  as  the  cubes  of  the 

if* 
radiL    Therefore  the  gravitation  ^  is  as   ^  that  is,  as  £ 

This  is  a  particular  case  of  Prop.  S25. 

S39«  Cw.  2.  the  same  thing  holds  true,  if  the  dis- 
tanoe  of  the  external  particles  from  the  centres  of  die 
spheres  are  as  the  diameters  or  radii  of  the  spheres. 

230.  Cor.  3.  If  a  particle  be  placed  within  the  surfitte 
of  a  sphere  of  uniform  density,  its  gravitation,  at  difierent 
distances  from  the  centre,  will  be  as  those  distances.  For 
it  will  not  be  affected  by  any  matter  of  the  sphere  that  is 
more  remote  from  the  centre  (468.)  ;  and  its  gravitatUHi  to 
what  is  less  remote  is  as  its  distance  from  the  centre  by 
the  last  corollary. 

S31.  The  mutual  gravUoHon  of  two  spheres  of  un^brm 
density  in  their  concentric  strata  is  in  the  inverse  duplicate 
ratio  of  the  distance  between  their  centres. 

For  the  gravitation  of  each  particle  in  the  sphere  A  to 
to  the  sphere  B,  is  the  same  as  if  all  the  matter  in  B  were 
collected  at  its  centre.  Suppose  it  so  placed.  The  gravi- 
tation  of  B  to  A  will  be  the  same  as  if  all  the  mister  in  A 
were  collected  in  its  centre.  Therefore  it  will  be  as  if  *  in- 
versely. But  the  gravitation  of  A  to  B  is  equal  to  that  of 
B  to  A.     Therefore,  &c 

232.  The  absolute  gravitation  of  two  spheres,  whose 
quantities  of  matter  are  a  and  ft,  And  if  the  distance  of  their 

centres,  is  -— ..    For  the  tendency  of  one  particle  of  a 

5 
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to  ^  beiiig  the  aggregate  of  its  tendencies  to  every  particle 
of  i,  18  ^    Therefore  the  tendency  of  the  whole  of  a  to 

h  must  be  -"tt"*    -^^  ^®  tendency  of  6  to  a  is  equal 
a 

to  that  of  a  to  b* 

238.  Thb  consequence  of  a  mutual  gravitation  between 

1     . 
partidb  proportional  to  ts^  is  agreeable  to  what  is  ob- 

sened  in  the  solar  system.     The  planets  are  very  nearly 

q^Mriol,  and  they  are  observed  to  gravitate  mutually  in 

this  propcMtion  of  the  distance  between  their  centres.    This 

motual  action  of  two  spheres  could  not  result  from  any 

otber  law  of  action  between  the  particles.     Therefore  we 

coadude^  that  the  particles  of  gravitating  matter^  of  which 

thephnets  are  formed,  gravitate  to  each  other  according 

to  tluB  kw,  and  that  the  observed  gravitation  of  the  pla- 

Mis  the  united  effect  of  the  gravitation  of  each  particle 

tooch.    There  is  just  one  other  case,  in  which  the  law  of 

ooqxucular  action  is  the  same  with  the  law  of  action  be- 

tnen  the  masses ;  and  this  is  when  the  mutual  action  of 

tile  corpuscles  is  as  their  distance  directiy.     But  no  such 

inr  11  observed  in  all  the  phenomena  of  nature. 

The  general  inference,  drawn  by  Sir  Isaac  Newton  from 

the  phenomena,  may  be  thus  expressed  :  Every  particle  of 

«w<ter  graviUUes  to  every  otJier  particle  qftruUter  with  a 

fine  inxfersely  prcportional  to  the  square  of  tfie  dUtance 

fiom  ii.    Hence  this  doctrine  has  been  called  the  doc- 

TtlVB  OF  UNIVSaaAL  GRAVITATION. 

The  description  of  a  conic  section  round  the  focus,  fully 
piovies  that  this  law  of  the  distances  is  the  law  competent 
to  ill  the  gravitating  particles.  But  whether  all  particles 
gravitate,  and  gravitate  alike,  is  not  demonstrated.  The 
•wlogy  between  the  distance  of  the  different  planets  and 
their  periodic  times  only  proves,  that  die  total  gravitation 
€f  Ae  different  planets  is  in  the  same  proj)ortion  with  their 

Vol.  III.  I 
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quantity  of  matter.  For  the  foroe  observed  by  us,  and 
found  to  be  in  the  inverse  duplicate  ratio  of  the  distance 
of  the  planet,  is  the  accderaiing  foroe  of  gnrntj,  bong 
measured  by  the  acceleration  which  it  produces  in  the  dif- 
ferent planets.  But  if  one  half  of  a  planet  be  matter  which 
does  not  gravitate,  and  the  other  half  gravitates  twice  as 
much  as  the  matter  of  another  planet,  these  two  planets 
will  still  have  their  periods  and  distances  agreeable  to  Kep- 
ler^s  third  law.  But  smce  no  phenomenon  indicates  any 
inequality  in  the  gravit2>tion  of  different  substances^  it  is 
proper,  to  admit  its  perfect  equality,  and  to  condude  with 
Sir  Isaac  Newton. 

284.  The  general  consequence  of  this  doctrine  is^  that 
any  two  bodies,  at  perfect  liberty  to  move,  should  approadi 
eadi  other.  This  may  be  made  the  subject  of  experimmt, 
in  order  to  see  whether  the  mutual  tendencies  of  the  fdft- 
nets  arise  from  that  of  their  particles.  For  it  must  still 
be  remembered,  that  although  this  constitution  of  the  par- 
ticles will  produce  this  appearance,  it  may  arise  fixm  aoiiie 
other  cause. 

Such  experiments  have  accordingly  been  made.  Bodies 
have  been  suspended  very  nicely,  and  they  have  been  ob- 
served to  approach  each  other.  But  a  more  careful  ex- 
amination of  all  circumstances  has  shewn,  that  most  of 
those  mutual  approaches  have  arisen  from  other  causes- 
Several  philosophers  of  reputation  have  therefc»e  refused 
to  admit  a  mutual  gravitation  as  a  phenomenon  oranpetent 
to  all  matter. 

But  no  such  approach  should  be  observed  in  the  expe- 
riments now  alluded  to.  The  mutual  iq^roach  <^  two 
spheres  A  and  B,  at  the  distance  D  of  thear  centres^  must 
be  to  the  approach  to  the  Earth  E  at  the  distance  d  of 

*i.  •     L  ,  AxB      A  ><E,  .^. 

tneir  centres  m  the  proportion  of  — jy-  to — jg —  that  is, 

B       E 
of  Yj^  to  -p.    Therefore,  if  a  particle  be  placed  at  the  sur- 
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'«  golden  qibov  one  fcwt  in  diameter,  its  gravitatian 
£«rtli  mitst  lie  more  than  ten  millions  of  times 
thsD  it«  graviutioa  to  the  gold.  For  the  diameter 
nfllie  Earth  is  nearly  forty  mitUona  of  feet,  and  the  den> 
atj  of  gold  is  nearly  four  times  the  mean  denuty  of  the 
£vUk.  And  thetvfore,  in  a  §econd,  it  would  approach  leas 
llm  the  ten  millioQlh  part  uf  16  feet — a  quanlity  alto. 
KRhtr  ioarDsble. 

If  wt  eould  employ  in  tliese  experiments  bodies  of  suAt- 
cicu  RMgntiude,  a  sensible  ofTect  might  be  expected.  Sup- 
pm  T  <Kg.  aa.)  to  be  a  bull  of  equal  density  with  ih^ 
Evtit,  and  two  geographical  miles  in  diameter,  and  let  the 
putielc  B  be  at  its  surface.  Its  gravity  to  T  will  be  to  its 
pnilatfea  to  tlie  Eorih  nearly  as  I  to  2.^00 ;  and,  there- 
fiae,  tT  cucpcodcd  Uke  a  plummet,  it  would  certainly  do- 
Mitt  1'  tram  the  jierpendicular.  A  mountain  two  miles 
high,  and  hemispherical,  ri^g  in  a  level  country,  would 
fndoce  the  name  deviation  of  the  plummet. 

KSS,  Acoordiogly,  such  deviation  of  a  plumb  line  has 
bm  dfaierved.  First,  by  the  French  academicians  era- 
plv^  lo  mennjrc  n  degree  of  the  meridian  in  Peru.  Hav- 
uy  placed  ibeir  observatories  on  the  north  and  south  sides 
oftfce  rati  nouDtaln  Chlmborafo,  they  found,  that  the 
plusmieis  of  their  quadrants  were  deflected  toward  tlia 
■ontSK  Of  this  ihey  could  accurately  judge,  by  means 
tf  ihe  Man  which  they  saw  through  the  telescope  of  their 
Viadnnt,  when  they  were  pointed  vertically  by  means  of 
llic' planuDet. 

Tlnu.  if  the  plummets  take  the  [x>sitions  A B,  CD, 
(F^.  23.)  instead  of  lionging  in  the  vertiuds  A  F  and  C  H, 
mil  seem  to  have  ibe  zenitli  dlBtam:efl  r  I.  ^  I,  in- 
EI,  G  I,  which  it  ought  to  have :  and  the  dis- 
oo  the  £arth''g  siirtiice  will  seem  the  measure  of 
_  of  latitude  eg,   whereas  it  corresponds  lo 

SS.    The  meuurc  of  a  degree,  including  tJie  space  F  H, 
by  the  declination  of  a  star  I,  will  be  too 
5 
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diotty  and  the  measure  of  a  degree,  terminating  dther  at  F 
or  H,  will  be  too  long  when  the  space  F  H  is  excluded. 

Considerable  doubts  remaining  as  to  the  inferences  drawn 
from  this  observation,  the  philosophers  were  very  denrous 
of  having  it  repeated.  For  this  reason,  our  Sovereign, 
George  III.  ever  zealous  to  promote  true  sdence,  sent  the 
royal  astronomer,  Dr  Maskelyne,  to  Scotland,  to  make  this 
experiment  on  the  north  and  south  sides  of  Shihallien,  a 
lofty  and  solid  mountain  in  Perthshire.  The  deviation  to- 
ward the  mountain  on  each  side  exceeded  7" ;  thus  con* 
firmmg,  beyond  doubt,  the  noble  discovery  of  our  illus* 
trious  countryman. 

Perhaps  a  very  sensible  effect  might  be  observed  at  An* 
napolis-Royal,  in  Nova  Scotia,  from  the  vast  addition  of 
matter  brought  on  the  coast  twice  every  day  by  the  tides. 
The  water  rises  there  above  a  hundred  feet  at  spring-tide; 
If  a  leaden  pipe,  a  few  hundred  feet  long,  were  l^d  od 
the  level  beach,  at  right  angles  with  the  coast,  and  a  glass 
pipe  set  upright  at  each  end,  and  the  whole  filled  with  wa- 
ter ;  the  water  will  rise  at  the  outer  end,  and  sink  at  the 
end  next  the  land,  as  the  tide  rises.  Such  an  alternate 
change  of  level  would  give  the  most  satisfactory  evidence. 
Perhaps  the  effect  might  be  sensible  on  a  very  long  plum- 
met, or  even  a  nice  spirit  level 

« 

336.  A  very  fine  and  satisfactory  examination  was  made 
in  1789  by  Mr  H.  Cavendish.  Two  leaden  balls  were 
fastened  to  the  ends  of  a  slender  deal  rod,  which  was  sus- 
pended horizontally  at  its  middle  by  a  fine  wire.  This 
arm,  after  oscillating  some  time  horizontally  by  the  twist- 
ing and  untwisting  of  the  wire,  came  to  rest  in  a  certain 
position.  Two  great  masses  of  lead  were  now  brought 
within  a  proper  distance  of  the  two  suspended  balls,  and 
their  approach  produced  a  deviation  of  the  arms  from  the 
points  of  rest.  By  the  extent  of  this  deviation,  and  by  the 
times  of  the  oscillations  when  the  great  masses  were  with* 
drawn,  the  proportion  was  discovered  between  the  elastU 
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ckjr  of  the  wiie  and  the  gravitation  of  the  balls  to  die 
grait  marwpfl ;  and  a  medium  of  all  the  observaUons  was 
takcD. 

Bj  these  experiments,  the  mutual  gravitation  of  terres* 
trial  matter,  even  at  conaderable  distances,  was  most  evin- 
ODg^y  demonstrated ;  and  it  was  le^timately  deduced  from 
them,  that  the  medium  density  of  the  Earth  was  more  than 
five  tunes  the  density  of  water.  These  curious  and  valu- 
able eaqieriments  are  narrated  in  the  Philosophical  Trans- 
actions fiir  1798. 

237.  The  oblate  form  of  the  Earth  also  affords  another 
proof  that  gravity  is  directed,  not  to  any  singular  point 
within  the  Earth,  but  that  its  direction  is  the  combined 
dbet  of  a  gravitation  to  every  particle  of  matter.  Were 
gravity  directed  to  the  centre,  by  any  peculiar  virtue  of 
tfatt  pointy  then,  as  the  rotation  takes  away  ,},  of  the  gra- 
vity at  the  equator,  the  equatorial  parts  of  a  fluid  sphere 
must  rise  cme-half  of  this,  or  j^^,  before  all  is  in  equilibrio. 

For  suppose  C  N  and  C  Q  (Fig.  5.)  to  be  two  canals 
ittcfaing  from  the  pole  and  from  the  equator  to  the  centre. 
Since  the  diminution  of  gravity  at  Q  is  observed  to  be  g|y, 
and  the  gravitation  of  every  particle  in  CQ  is  diminished 
bjr  rotation  in  proportion  to  its  distance  from  the  axis  of 
rotadon,  the  diminution  occasioned  in  the  weight  of  the 
whole  canal  will  be  one-half  of  the  diminution  it  would 
tostun,  if  the  weight  of  every  particle  were  as  mucli  di- 
nuoiahed  as  that  of  the  particle  Q  is.  Therefore  the  canal 
presses  less  on  the  centre  by  ;^b,  and  must  be  lengthened 
so  much  before  it  will  balance  N  C,  which  sustains  no  di- 
minution of  weight.  Every  other  canal  parallel  to  C  Q 
mtiins  a  similar  loss  of  weight,  and  must  be  similarly 
compensated.  This  will  produce  an  elliptical  spheroidal 
tarn. 

But  the  equatorial  parts  of  our  globe  are  much  more 
devated  than  this — not  less  than  ^{^.  The  reason  is  this: 
When  the  rotation  of  the  Earth  has  raised  the  equatorial 
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points  j|y,  the  ptummet,  which  at  a,  (Fig.  ff.)  wmlid 
have  hung  in  the  direction  aD»  tangent  to  the  evdute 
ABDF,  is  attracted  aideways  by  the  protuberant  matMr 
toward  the  equator.  But  the  surface  of  the  ocean  must 
still  be  such,  that  the  plummet  is  perpendicular  to  it 
Therefore  it  cannot  retam  the  elliptical  fbitt  produced  bj 
the  rotation  alone,  but  swells  still  more  at  the  equaled ; 
and  this  still  increases  the  deviation  of  the  plummet.  Thb 
must  go  on,  till  a  new  equilibrium  b  produced  hj  a  M# 
figure.  This  will  be  considered  afterwards.  No  more  is 
mentioned  at  present,  than  what  is  necessary  for  shewing, 
that  the  protuberance  produced  by  the  rotation  causes,  fajr 
its  attraction,  the  plummet  to  deviate  from  the  positkMi 
which  it  had  acquired,  in  consequence  of  the  same  mfa|p- 
tbn. 

S38.  By  such  induction,  and  such  reasoning,  is  estab- 
lished the  doctrine  of  universal  gravitation,  a  doctrine 
which  is  placed  beyond  the  reach  of  controversy,  and  baa 
immortalized  the  fame  of  its  illustrious  inventor.         , 

Sir  Isaac  Newton  has  been  supposed  by  many  to  bave 
assigned  this  mutual  gravitation,  or,  as  he  sometimes  eatts 
it,  this  attraction,  as  a  jnroperty  inherent  in  matter,  akid  as 
the  cause  of  the  cdesticd  phenomena ;  and  for  this  reason, 
he  has  been  accused  of  introducing  the  occult  qualities  of 
the  peripatetics  into  philosophy.  Nay,  many  accuse 
df  introducing  into  philosophy  a  manifest  absurdity, 
iy,  that  a  body  can  act  where  it  is  not  present  This^ 
they  say,  is  equivalent  with  saying,  that  the  Sun  attracts 
the  planets,  or  that  any  body  acts  on  another  that  is  at  a 
distance  from  it 

Both  of  those  accusations  are  unjust  Newton,  in  no 
place  of  that  work  which  contains  the  doctrine  of  univer- 
sal gravitation,  that  is,  in  his  Mathematical  Principles  cf 
Natural  Philosophy j  attempts  to  ewpiain  the  general  phe- 
nomena of  the  solar  system  from  the  principle  of  universld 
gravitation.     On  the  contrary,  it  is  in  those  general  f^- 
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t  he  discovers  ti.  The  onljr  ilificover^  to  which 
s  to  have  any  claim  i&,  1^,  the  matter  of  fact, 
dy  bi  the  solar  system  is  continually  deflected 
Mnut)  ertrj  other  body  in  it,  and  thnt  tlie  deflection  of 
toy  iodrridual  body  A  toward  any  otiicr  body  B,  is  ob- 
uned  to  be  in  the  proporUon  of  the  quantity  of  matter  in 
B  dinetlj,  and  of  the  squsre  of  the  distance  AB  inversely; 
■ad,  i^,  that  the  falling  of  terrestrial  bodies  is  just  a 
paftiratg  example  of  this  uuivcrsal  deflection.  He  eni- 
jioj*  this  discovery  to  explain  phenomena  that  are  more 
pantcalar ;  and  all  tlie  explanation  that  he  gives  of  these 
ii,  the  abewing  (hat  they  are  modified  cases  of  this  general 
,  of  which  he  knows  no  explanation  but  the 
nption.  NewtoD  was  not  more  eminent  for  mo* 
1  genius  and  penetrating  judgment,  than  for  to- 
gicd  Kouacy.  He  uses  the  word  gravitation  ns  the  ex- 
!■!  miau,  not  of  a  qualiiy,  but  of  a  fact ;  not  of  u  cause, 
bill  of  an  event.  Having  established  this  fact  beyond  the 
pmrer  of  controversy,  by  an  induction  sufiicienlly  co}>ious, 
n^,  without  a  single  exception,  he  explains  the  more  par- 
ticuhr  phenomena,  by  showing,  with  what  modifications, 
anang  from  the  circumstances  of  the  coBe,  tliey  are  includ- 
ed in  Ihe  general  fact  of  mutual  deflection  ;  and,  _finai^, 
M  iQ  changee  of  motion  are  conceived  by  us  as  the  eSects 
tf  fbvce,  he  uy>.  iliat  there  is  a  deflecting  force  continually 
aOaag  on  every  particle  of  matter  in  the  solar  system,  and 
that  thti  deflectiog  force  is  what  we  call  weight,  heaviness. 
i'^  perwDs  think  themselves  chargeable  with  absurdity, 
or  with  the  abetting  of  occult  qualities,  when  they  really 
oxttider  tlie  heaviness  of  a  body  as  one  of  its  properties. 
Bo  for  fmra  being  occult,  it  seems  one  of  the  most  mani- 
fat  It  is  not  the  heaviness  of  this  body  that  is  the  occult 
^Bi^ty;  it  is  the  cause  of  this  heaviness.  In  tlius  conud- 
tiiog  grsvi^  as  competent  to  all  matter,  Newton  does  ni> 
Atilg  that  ia  not  dune  by  others,  when  they  aaciibc  im- 
H««nM»  or  iorn'm  to  matter.     Without  scruple,  ihcy 
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ioiv  that  impul^vene&s  is  an  universal  property  of  matter^ 
Impulsiveness  and  heaviness  are  on  precisely  tlie  same  foot'- 
ing'— mere  phenomena ;  and  the  most  general  phenomena 
that  we  know.     We  know  none  more  general  than  im« 
piilsivcness,  so  as  to  include  it,  and  thus  enable  us  to  ex* 
plain  it.     Nor  do  we  know  any  that  includes  the  pheno- 
mena of  universal  deflection,  with  all  the  modifications  of 
the  heaviness  of  matter.     Whether  one  of  these  can  ex- 
plain the  other  is  a  different  question,  and  will  be  conad- 
ered  on  another  occasion,  when  we  shall  see  with  how  little 
justice  philosophers  have  refused  all  action  at  a  distance. 

But  it  would  seem  that  there  is  some  peculiarity  in  this 
explanation  of  the  planetary  motions,  which  hinders  it  from 
giving  entire  satisfaction  to  the  mind.  If  this  be  the  case, 
it  is  principally  owing  to  mistake ;  to  carelessly  imputing 
to  Newton  views  which  he  did  not  entertain.  His  doctrine 
of  universal  gravitation  does  not  attempt  to  explain  how 
the  operating  cause  retards  the  Moorfs  motion  in  the  first 
and  third  quarters  of  a  lunation;  it  merely  narrates  in 
what  direction,  and  with  what  velocity,  this  change  is  pro- 
duced ;  or  rather,  it  shews  how  the  Moon'^s  deflection  to- 
ward the  Earth,  joined  to  her  deflection  toward  the  Sun, 
both  of  which  are  matters  of  fact,  constitute  this  seeming 
irregularity  of  motion  which  we  consider  as  a  disturbance. 
But  with  respect  to  the  operating  cause  of  this  general  de- 
flection, and  the  manner  in  which  it  produces  its  efi*ect,  so 
as  to  explain  that  effect,  Newton  is  altogether  silent.  He 
was  as  anxious  as  any  person  not  to  be  thought  to  ascribe 
inherent  gravity  to  matter,  or  to  assert  that  a  body  could 
act  on  another  at  a  distance,  without  some  mechanical  in- 
tervention. In  a  letter  to  Dr  Bentley,  he  expresses  this 
anxiety  in  the  strongest  terms.  It  is  difficult  to  know 
Newtorfs  precise  meaning  by  the  word  action.  In  very 
strict  language,  it  is  absurd  to  say  that  matter  acts  at  all 
^n  contact  or  at  a  distance.  But  if  one  should  assert, 
that  the  condition  of  a  particle  a  cannot  depend  on  another 
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{■rode  &  at  a  dbtancc  from  it,  lianjly  any  person  will  s-iy 
dm  be  makes  this  assertion  trom  a  clear  penx-ptiun  of  the 
dmrfiY  of  tlie  contrary  ])ro}>ositiua.  Sliould  a  person 
ay  tli4t  ihi.-  men-  prv-wnce  of  the  [>artide  b  is  a  suffioent 
laxa  for  a  ap]>roae)iing  it,  it  will  be  ilifHcult  to  provo  tlia 
■Bcrtion  (»  be  nliMird. 

SS9.  Sucb,  however,  lias  been  the  general  opinion  of 
fihitoBopbcTK ;  anti  niiinburlesa  attempts  have  been  made  to 
thmtf  in  Hone  niaterial  agent  in  all  the  cawn  of  seeming 
attioaatadUtAnce.  Hence  the  hypotheses  ofmagnelicul 
■10  dedncal  sttnuepheros ;  hence  tlie  vortexes  of  l)es 
Cvto,  sai  the  celestial  machinery  of  Eudoi^us  and  Cal- 

Of  an  tboee  attempts,  perhaps  the  most  rash  and  unjus- 
tifidih  ia  that  of  Leibnitz,  published  in  the  Leipzig  Acts, 
1888,  two  years  after  the  publication  of  Newton's  Principia, 
•ad  of  the  review  of  it  in  Uiose  very  acts.  It  may  be  called 
nsh,  Ikicaiice  it  trusted  too  much  to  the  deference  which 
bi*'nni  countrymen  hod  hitherto  shewn  for  his  opinions, 
hi  llus  Bitempt  to  account  ibr  the  elliptical  motion  of  tlic 
pUaets,  Leibnitz  pays  no  r^;ard  to  the  acknowledged  laws 
of  motion.  He  assumes  as  principles  of  explanalion,  mo- 
Bom  totally  repugnant  to  those  laws,  and  motions  and  ten- 
dacie  nicongruous  and  contradictory  to  each  other.  And 
itta,  by  the  help  of  gcinnetrical  and  analyUcol  errors, 
»*u«Ji  compi-niiatc  each  otlicr,  he  makes  out  a  strange  oon- 
duBiiD,  whidi  he  calls  a  demonstration  of  the  law  of  plane- 
<uy  gmitation ;  and  says,  that  he  sees  that  this  llieorem  is 
iBuwn  to  Mr  Newton,  but  that  he  cannot  tell  how  he  has 
ttrival  at  the  knowledge  of  it.  This  is  something  very  re- 
nxtkahle.  Newton's  process  is  sufficiently  pointed  out  in 
^  Acta KrudHonim,  which  M.  Leibnitz  acknowledges  that 
*«  had  wen.  A  copy  of  the  PriTKipia  was  sent  to  him, 
^  order  of  lite  Royal  Society,  in  less  than  two  mouths 
•ftw  the  pul)licntion, — It  was  soon  known  over  all  Europe- 
It  ih  without  the  least  fouiidutiuii  tliat  the  {mrljsans  of 
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M.  Labnits  gave  him  anj  share  in  the  diflooveiyof  the  knr 
of  gravitatioiL  None  of  them  has  ventured  to  quote  diia 
dissertation  as  a  prqaontion  justly  pfoved,  nor  to  defiend  it 
against  the  objections  of  Dr  Gregoiy  and  Dr  KeiU.  M; 
Labnitz^s  remarks  on  Dr  Gregoiy^s  critidsm  were  not  adU 
mitted  into  the  Acta  EruiUorum,  though  under  the  ma* 
nagement  of  his  particniar  friends.  In  October  1706  they 
inserted  an  extract  from  a  letter,  containing  some  of  thm 
remarks ;— -if  possible,  they  are  more  absurd  and  ineongni* 
ous  than  the  original  ^ssertation. 

It  is  worth  while,  as  a  jnece  <^  amusement,  to  read  the 
account  of  this  dissertation  by  Dr  Gregory  in  his  AaCrano^ 
my,  and  the  observations  by  Dr  Keill  in  the  Journal  LUe-* 
raire  d^  la  He^^  August  1714. 

240.  Sir  Isaac  Newton  has  also  shewn  some  diqpotttioir 
to  account  for  the  planetary  deflection  by  the  action  of  an 
elastic  s^ther.  The  general  notion  of  the  attempt  is  this : 
The  space  occupied  by  the  solar  system  is  supposed  to  be 
filled  with  an  elastic  fluid,  inoomparaUy  more  subtle  and 
more  elastic  than  our  air.  It  is  supposed  to  be  (tf  greater 
and  greater  den^ty  as  we  recede  from  the  Bun,  and  in 
general  from  all  bodies.  In  consequence  of  this,  Newtoa 
thinks  that  a  planet  placed  any  where  in  it  will  be  impelled 
from  a  denser  into  a  rarer  pert  of  the  «ther,  and  in  this 
manner  have  its  course  incurvated  toward  the  Sun. 

But,  without  making  any  remarks  on  the  imposnbititj 
of  conceiving  this  operation  with  any  distinctness  that  can 
entide  the  hypothesis  to  be  called  an  explanation^  it  need 
only  be  observed,  that  it  is,  in  its  first  conception,  quite  un- 
fit for  answering  the  very  purpose  for  which  it  is  employed, 
namely,  to  avoid  the  absurdity  of  bodies  acting  on  others  at 
a  distance.  For,  unless  this  be  allowed,  an  sether  of  dif* 
ferent  density  and  elasticity  in  its  different  strata  camM 
exist.  It  must  either  be  uniformly  dense  and  elastic 
throughout,  or  there  must  exist  a  repulsive  furce  operating 
between  very  distant  particles— perhaps  extending  its  in- 
fluence as  far  as  the  solar  influence  extends — nay,  elasticity 
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■n  •ction  e  iitlatili,  even  between  the  ftdjoimng 
b  inconoetTiUjie.  Whst  ii  meant  by  elasticity  P 
Bmriy  such  A  cnnatitutuiD  of  the  assemblage  at'  particles  as 
■Lttlhon  recede  front  each  other;  and  the  absurdity  is 
MpMt  at  the  distance  of  the  millionth  part  of  a  hair's 
iMdA  aa  at  the  distanoe  of  a  million  of  leagues.  If  we 
Menipt  to  erade  tbis,  by  esying  that  the  particles  are  in 
eaitlact,  and  are  elastic,  we  must  grant  that  they  are  com- 
]— ibla,  and  an  really  compressed,  otlierwime  (hey  are  not 
tuTtingany  dastic  force ;  therefore  they  are  dimpled,  and 
eao  DO  man  constitute  a  fluid  than  so  many  blown  bkd- 
itn  oomprtEsed  in  a  hoK. 

The  last  attempt  of  this  kind  that  shall  be  mentioned,  is 
ihH  of  M-  Le  Sage  of  Geneva,  put  into  a  belter  sliape  by 
U.  Prevot,  in  a  Memoir  published  by  the  Academy  of 
Beriin,  under  the  name  of  Leucrecc  Neufontm.  This  phi- 
lovpber  supposes  that  through  every  point  of  space  there 
itCMItnuaQy  passing  a  stream  of  nether  in  every  direction, 
tM  'ammii  rapidity.  This  will  produce  no  effect  on  a 
■itlij  body  I  but  if  ihere  are  two,  one  of  them  intercepU 
|Ktflf  the  Hream  which  would  have  acted  on  the  other. 
Thmfere  tfie  Ixxlies,  being  less  impelled  nn  that  side 
vfwlk  Ibcas  Uw  other,  will  more  toward  each  other.  Le 
Sipaddaantne  uircumslonces  respecting  the  structure  of 
Ihe  bodies,  which  may  ^ve  a  sort  of  progresBion  in  the  in- 
MMilj  afthe  impulge,  which  may  produce  a  deflection  di-^ 
wiiiirtiiln  u  the  diiluice  or  its  square  increases.  But  thti 
liypotbaBt  abo  requires  lltat  we  inalce  light  of  tlie  acknow- 
Ugul  lawi  of  motion.  It  has  other  insuperable  difficulties 
■nd,  B  tn  frook  affiirding  any  txplanation  of  the  planetary 
■Mkmb,  Ha  moA  trifling  circuuisMnce  is  incomparably  more 
Mtuh.  to  oomprehand,  or  even  to  conceive  than  the  mo«t 
Meaie  pbcoanKDOO  m  astronomy. 

til-  Indeed  thie  difiiculty  obtains  in  every  attempt  of 
tha  Und,  it  bong  neceesary  to  coMnder  the  combined  mo. 
"Ma  rf  tiulliana  of  bodica,  in  order  to  caplain  the  motion  of 
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one.  But  such  hypothcBes  have  a  worse  fault  than 
difficulty ;  they  transgress  a  great  rule  of  philosophicid  dis- 
quisition, <  never  to  admit  as  the  cause  of  a  phenomencm 
any  thing  of  which  we  do  not  know  the  existence.^  For, 
even  if  the  le^timate  consequences  of  the  hypothesis  were 
agreeable  to  the  phenomena,  this  only  shews  the  posMUUg 
pf  the  theory,  but  ^ves  no  explanadon  whatever.  The 
hypothesis  is  good,  only  as  far  as  it  agrees  with  the  pheno- 
mena ;  we  therefore  understand  the  phenomena  as  far  as 
we  understand  the  explanation.  The  observed  laws  of  the 
phenomena  are  as  extenave  as  our  explanation,  and  the 
hypothesis  is  useless.  But,  alas !  none  of  those  hypotheses 
agree,  in  their  legitimate  consequences,  with  the  pheno- 
mena ;  the  laws  of  motion  must  be  thrown  aside,  in  order 
to  employ  them,  and  new  laws  must  be  adopted.  This  is 
unwise ;  it  were  much  better  to  give  those  pro  re  nata  laws 
to  the  planets  themselves. 

Mr  Cotes,  a  philosopher  and  geometer  of  the  first  emi- 
nence, wrote  a  preface  to  the  second  edition  of  the  Pnnc^ 
pia,  which  was  published  in  1718  with  many  alterations  and 
improvements  by  the  author.  In  this  preface  Mr  Cotes 
gives  an  excellent  account  of  the  principles  of  the  New- 
tonian philosophy,  and  many  very  pertinent  remarks  on 
the  maxim  which  made  philosophers  so  adverse  to  the  ad- 
mis^on  of  attracting  and  repelling  forces.  Whatever  maj 
have  been  Newton'^s  sentiments  in  early  life  about  the  oom^ 
petency  of  an  elastic  aether  to  account  for  the  planetary  de- 
flections, he  certainly  put  litde  value  on  it  afterwards.  For 
he  never  made  any  serious  use  of  it  for  the  explanatioa  of 
any  phenomenon  susceptible  of  mathematical  discussion. 
He  had  certainly  rejected  all  such  hypotheses,  otherwise  he 
never  would  have  permitted  Mr  Pemberton  to  prefix  that 
preface  of  Mr  Cotes  to  an  edition  carried  on  under  his  own 
ieye.  For  in  this  preface  the  absurdity  of  the  hypothecs  of 
an  elastic  aether  is  completely  exposed,  and  it  b  declared  to 
be  a  contrivance  altogether  unworthy  of  a  philosopher.  Yet^ 
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iriien  Mr  Cotes  died  soon  after,  Sir  Isaac  Newton  spoke  of 
Km  in  terms  of  the  highest  respect.  Alas  f  said  he,  we  have 
hd  Mr  Coies;  had  Tie  lived,  we  should  soon  have  learned 
mmething  ewceOeni. 

At  present  the  most  eminent  philosophers  and  mathema- 
tidans  in  Eurc^  profess  the  ofnnion  of  Mr  Cotes,  and  see 
BO  YtHdaty  in  the  philosophical  maxim  that  bodies  cannot 
Mi  at  a  ^stance.  M.  de  la  Place,  the  excellent  commenta- 
tor of  Newton,  and  who  has  ^ven  the  finishing  stroke  to 
die  umfcrsalitj  of  the  influence  of  gravitation  on  the  plane- 
tarjr  maCioiis,  by  explaining,  by  this  principle,  the  secular 
equation  of  the  Moon,  which  had  resisted  the  efibrts  of  all 
the  mathematicians,  endeavours,  on  the  contrary,  to  prove 
that  an  action  in  the  inverse  duplicate  ratio  of  the  distances 
remits  from  the  very  essence  or  existence  of  matter.  Some 
remarks  will  be  made  on  this  attempt  of  M.  de  la  Place 
afterwards.  But  at  present  we  shall  find  it  much  more 
oooducive  to  our  purpose  to  avoid  altogether  this  metaphy- 
Bol  question,  and  strictly  to  follow  the  example  of  our 
illustrious  Instructor,  who  clearly  saw  its  absolute  insigni- 
ficmoe  for  increasing  our  knowledge  of  Nature. 

Newton  saw  that  any  inquiry  into  the  manner  of  acting 
of  the  effident  cause  of  the  planetary  deflections  was  altoge- 
ther unnecessary  for  acquiring  a  complete  knowledge  of  all 
the  phenomena  depending  on  the  law  which  he  had  so  hap- 
pily discovered.  Such  was  its  perfect  simplicity,  that  we 
wuted  nothing  but  the  assurance  of  its  constancy— an  as- 
suianoe  established  on  the  exquisite  agreement  of  pheno- 
laena  ^th  every  legitimate  deduction  from  the  law. 

Even  Newtotfs  perspicacious  mind  did  not  see  the  number 
of  important  phenomena  that  were  completely  explained  by 
It,  and  he  thought ,  that  some  would  be  found  which  rc- 
qured  the  admission  of  other  principles.  But  the  first 
mathematicians  of  Europe  have  acquired  most  deserved 
&nie  in  the  cultivation  of  this  philosophy,  and  in  their  pro- 
gress have  found  that  there  is  not  one  appearance  in  the 
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qeleslial  motioiis  that  is  inooiinsteQt  with  the  Newtooin 
lgw»  and  acarody  a  phenomenoo  that  requires  any  lhii|g 
dse  fcMT  its  complete  explanation. 

Hitherto  we  have  been  employed  in  the  estaWishmnnl  of 
a  general  law.    We  are  now  to  shew  bow  the  motions  ac- 
tually observed  in  the  individual  members  of  the  aolar 
system  result  from,  or  are  exfunples  of  the  operation  of  the 
power  called  Gravity,  and  bow  its  effects  ai^  modified^  and 
made  what  we  behold,  by  the  circumstance  of  the  case.    ■ 
To  do  this  in  detail  would  occupy  many  vdumes ;  we  muit 
content  ourselves  with  adducing  one  or  two  of  the  most  in* 
teresting  examjdes.    The  student  in  this  noble  department 
of  mechanical  philosophy  will  derive  great  assistanoe  frop 
Mr  M^Laurin's  Account  tfSir  Jioac  NewUmU  Dicav^rUi. 
Dr  Pemberton's  View  of  the  NewkiMan  Phtkmfihjf  haa  ilao 
omsiderable  merit,  and  is  peculiarly  fitted  for  those  who 
are  leas  habituated  to  mathematical  discussion.    The  CSm^ 
fnogrofhia  of  the  Abb^  Fria  is  one  of  the  most  valuable 
w(N*ks  extant  on  this  subject     This  author  gives  a  very 
compendious,  yet  a  clear  and  perspicuous,  account  of  the 
Newtonian  doctrines,  and  of  all  the  improvements  in  the 
manner  of  treating  them  which  have  resulted  from  the  un- 
remitting labour  of  the  great  mathematicians  in  their  im- 
duous  cultivation  oX  the  Newtonian  philosophy.    He  fioL 
lows,  in  general,  the  geometrical  method,  and  his  geometry 
is  el^;ant,  and  yet  he  exhibits  (also  with  great  neatness)  #11 
the  noted  analytical  processes  by  which  tins  philosc^hy  haa 
been  brought  into  its  present  state. 
What  now  fdlows  may  be  called  an  outline  of 

The  Theory  ofihe  Celestial  Motions. 

M2.  The  first  general  remark  that  arises  from  the  esta« 
blifihment  of  universal  and  mutual  gravitation  is,  that  the 
common  centre  of  the  whole  system  is  not  affected  by  it, 
and  is  cither  at  rest,  or,  if  in  motion,  thb  motion  is  pro- 
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ducod   by  a  force  which  is  extcnud  to  the  system  and 
equally  and  in  the  same  direction  on  every  body  of  the 

243.  A  force  has  been  discovered  pervading  the  whole 
i^5t«m»  aod  dcterminiog  or  regulating  the  motioos  of  every 
individual  body  in  it.  The  problem  which  naturally  dfers 
itadf  first  to  our  diacuBsion  is,  to  ascertain  what  v/iU  be  tite 
■otion  of  a  body,  projected  from  any  given  point  ef  the 
idaT  tysUvtj  in  any  particular  direction,  and  Of'tth  any  par- 
jioilar  velocity — what  vfiU  be  thcjimn  of  its  path,  how  mil 
it  mix  in  this  path,  and  where  mil  it  be  at  any  inataut 
H  Aooie  to  name  ? 

Sir  Inac  has  given,  in  the  list  proposition  of  his  first 
book,  the  solution  of  this  problem,  in  the  most  general 
Unnsi  not  limited  to  the  observed  law  of  gravitation,  but 
uUndol  to  any  conceivable  relaUon  between  the  distances 
and  the  iatensity  of  the  force.  This  is,  unquestionably)  the 
sMl  tublime  problem  that  can  be  proposed  in  meclianicul 
philotopby,  and  is  well  known  by  the  name  of  the  imveebe 

""  OK  CENT&II-ETAL  FOBCES. 

1  this  extent,  it  is  a  problem  of  pure  dynamics,  and 

make  a  port  of  phy^cal  astronomy.    Our  attenGon 

\  to  the  centripetal  force  which  connects  this  part 

tftti  cnaUon  of  God— a  force  inversely  proportional  to 

ihc  tquare  of  the  distances.     It  may  be  stated  as  fallows. 

Let  •  body  P,  (Fig.  2S.)  which  gravitates  to  the  Sun  io 
S,  W  projected  in  the  direcUon  PN,  with  the  velocity  which 
tbe  gravitation  at  P  to  the  Sun  would  generate  in  it  by  im- 
pdlbig  it  along  P  T,  less  than  P  S. 

Draw  P  Q  perpendicular  to  P  N.  Take  PO  equal  to 
tnce  P  T,  and  draw  O  Q  perpendicular  to  P  Q,  and  Q  R 
peqjendicular  to  P  S.  Also  draw  P «,  making  tlie  angle 
QPi  equal  to  Q  P  S.  Join  S  Q,  and  produce  S  Q  till  it 
meet  P  f  in  «. 
The  body  will  describe  an  ellipius,  whidi  P  N  touches  in 
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P,  whose  foci  are  S  and  Sf  and  whose  prindpal  paramete 
is  twice  P  R. 

For,  draw  S  N  perpendicular  to  P  N.  Make  P  C  = 
2  P O  or  =  4  P  T,  and  draw  O'  Q'  perpendicular  to  PO' 
and  describe  a  circle  passing  through  P,  O'  and  Q'.  It'wil 
touch  P  N,  because  P  O'  Q'  was  made  a  right  angle,  anc 
therefore  P  Q'  is  the  diameter  of  the  circlec 

We  know  that  an  ellipse  may  be  described  by  a  bod} 
influenced  by  gravitation.  This  ellipse  may  have  S  and  i 
for  its  foci,  and  P  N  for  a  tangent  in  P,  because  the  angle 
are  equal  which  P  N  makes  with  the  two  focal  lines.  This 
being  the  case,  we^know  that  if  P  Q,  O  Q,  and  Q  R,  *bc 
drawn  as  directed  in  the  forgoing  construction,  P  O'  Q'  ii 
the  drde  which  has  the  same  ciurvature  with  the  ellipse  in 
P,  whose  foci  are  S  and  «,  and  tangent  P  N,  and  P  T  is 
one-fourth  of  the  chord  of  curvature  in  P,  and  P  R  is  haU 
the  parameter  of  the,  ellipse.  Therefore  P  T  is  the  qpooe 
along  which  the  body  must  be  uniformly  impelled  by  the 
force  in  P,  that  it  may  acquire  the  velocity  with  which 
the  body,  actually  describing  this  ellipse,  passes  through  P. 
If  this  body,  which  we  shall  call  A,  thus  revolves  in  an  ellipae, 
we  should  infer  that  it  is  deflected  toward  S,  by  a  force  in- 
versely proportional  to  the  square  of  its  distance  from  S, 
and  of  such  magnitude  in  P,  that  it  would  generate  the  ve- 
locity with  which  the  body  passes  through  P^,  by  uniformly 
impelling  it  along  P  T. 

Now,  the  other  body  (which  we  shall  call  P)  was  actually 
projected  in  the  direction  P  N,  that  is,  in  the  direction  of 
A's  motion,  with  the  very  velocity  with  which  A  passes 
through  P  in  the  same  direction,  and  it  is  under  the  influ- 
ence of  a  force  precisely  the  same  that  must  have  influenced 
A  in  the  same  place.  The  two  bodies  A  and  P  are  there- 
fore in  precisely  the  same  mechanical  condition;  in  the 
same  place ;  moving  in  the  same  direction ;  with  the  same 
velocity ;  deflected  by  the  same  intensity  of  force,  acting  in 
the  same  direction.     Their  motions  in  the  next  moment 
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moM  be  difiervni,  and  they  must,  ut  tlie  end  of  the  uto- 
■nt,  be  again  in  ibe  same  condition ;  and  this  must  coti- 
time.  A  desciihes  a  certain  ellij»e ;  P  must  deseribc  the 
■Be;  for  twu  nmtions  that  are  dilFerent  cannot  result  from 
ihi  axae  force  nctjng  in  tlie  same  circumstances. 

Tim  demonstrulion  i»  given  by  Sir  Isaac  Newton  in 
bw  lines,  OS  a  coroltarj  from  the  proposition  in  which  he 
Muoes  llw  law  of  planetary  deflection  from  die  motion  in 
ftMmic  cection.  But  it  seemed  necessary  here  to  expand 
his  prooeas  of  reasoning  a  little,  because  the  validity  of  tlte 
iofctvoco  h«»  been  denied  by  Mr  John  Bernoulli,  one  of 
the  Sm  nuithematicians  of  ihat  age.  He  even  hinied  that 
NnrtoD  had  taken  that  ill<^cal  method,  because  he  coald 
tuit  ■ocotmnodate  his  41st  proportion  to  the  particular  law 
ofgraiiutioa  observetl  in  the  system.  And  be  claims  to 
lUBuelf  the  honour  of  having  the  first  demonstrated  that  a 
cmtripetol  force,  inversely  as  the  Ei|uare  of  tlie  distance, 
BteeMtrily  produces  a  motion  in  a  conic  section.  The  ar- 
ganenl  by  which  ha  supports  this  bold  claim  is  very  singu- 
Ut,  acming  from  a  consummate  mathematician,  who  could 
Dot  be  ignorant  of  iU  nulhty  ;  so  that  it  was  not  a  terious 
atguoKut,  but  a  tricJt  to  catch  the  uninformed.  Newtou, 
MfB  he,  might  witli  eciual  propriety  have  inferred,  from  the 
dnmptMMi  of  the  logarithmic  spiral  by  a  hody  influenced 
ilf  a  (one  inYenely  proportional  to  the  cube  of  the  dis- 
(nofe,  Uwt  B  body  so  deflected  will  describe  the  logarithmic 
f{Bnl,  vhereas  we  know  that  it  may  describe  the  hyperbolic 
■|MbL  Nut  uitisfied  with  this  triumph,  he  attacks  New- 
In'*  process  in  hiii  41st  or  general  proposition  of  central 
Kkcv,  aayiug  that  it  is  deduced  from  principles  foreign  to 
the  qur«tioo  t  and,  afier  all,  does  not  exhibit  the  body  in  a 
aue  of  continued  muiion,  but  merely  inibrms  us  where  it 
*iU  be  fbiund,  nnd  in  what  condi^on,  in  any  assigned  mo- 
tWrt-  He  concludes  by  vaunting  his  own  priKess  as  ac- 
m^ihshing  all  tliat  uan  be  wanting  in  the  problem. 
Time  wweruon!!  are  the  most  unfounded  uud  bold 
Vol.  IIL  K 
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vauntings  of  this  vainglorious  mathematiciaD ;  and  his  oim 
solution  is  a  manifest  plagiarism  from  the  writings  of  New. 
ton,  except  in  the  method  taken  by  him  to  demooBMe 
the  lemma  which  he  as  well  as  Newton  premises.  •  Nar- 
ton'^s  demonstration  of  this  lemma  is  by  the  purest  pnu 
ciples  of  free  curvilineal  motion  ;  and  it  is,  in  tUs 
respect,  a  beautiful  and  original  propoditioii.  BemodE 
considers  it  as  synonymous  with  motion  on  an  incfined 
plane;  with  which  it  has  no  analogy.  The  sohitioD 
of  the  great  problem  by  Bernoulli  is,  in  eyery  prind- 
ple,  and  in  every  step,  the  same  with  Newton's ;  and  Ae 
only  difference  is,  that  Newton  employs  a  geometrical,  and 
Bernoulli  an  algebraical  expreanon  of  the  proceeding.  New- 
ton exhibits  continued  motion,  whereas  Barnoulli  empkyi 
the  differential  caculus,  which  esseniialhf  exhibits  only  i 
6uccessi(xi  of  points  of  the  path.  It  is  *worth  the  studenA 
while  to  read  Dr  EeiU's  Letter  to  John  Bernoulli,  and  hk 
examination  of  this  boasted  solution  of  the  celebrated  pRV 
blem.  But  it  is  still  more  worth  his  while  to  read  New- 
ton'*s  solution,  and  the  propositions  in  M'Laurin^s  Fhxioiii 
and  Hermann'^s  Phoronomia,  which  are  immedialely  con- 
nected with  this  problem.  This  reading  will  greatly  con- 
duce to  the  forming  a  good  taste  in  disquisitions  ef  tUs 
kind.* 

244.  Our  occupation  at  present  is  much  more  Iknited. 
We  are  chiefly  interested  to  shew  that  gravitation  produces 
an  elliptical  motion,  when  the  space  P  T,  along  which  the 
body  must  be  uniformly  impelled  by  the  force  as  it  esiflti 
in  P,  in  order  to  acquire  the  velocity  of  projectioii,  is  \m 
than  P  S.  But  every  step  would  have  been  the  sane^ 
had  we  made  P  T  equal  to  P  S  (as  in  Fig.  24.)    But  we 


♦  The  proiKwitions  given  by  M.  de  Moivre  in  No  358.  of  thei%fo- 
sophical  Transactions,  and  those  by  Dr  Kdll  in  No  SIT.  and  340.  fle 
peculiarly  riinple  and  good. 


f 


THXOET  OF  ELLIFTieAL  MOTION.  147 

riMmld  thai  have  found  that  when  the  angle  Q  P  «  is  made 
qmltoQPSythelineP^willbe  pandlei  to  SQ»  ao  that 
SQ  will  not  inteneet  it,  and  the  path  will  not  have  another 
toBOB,  It  18  a  panbola,  of  which  P  R  18  the  principal  para- 
ffleter. 

9I&  We  diall  alflo  find  that  if  P  T  be  niade  greater  than 
PS  (as  in  Fig.  5.)  the  line  P«  (making  the  anj^es 
QPSaiidQP#equal)  will  cut  SQ  on  the  other  ode  of 
8^  ID  that  S  and  «  are  on  the  same  side  of  Q.  The  path 
win  be  a  hyperbola,  of  which  P  R  is  the  prindpal  panir 


946.  TUs  restrictian  to  the  conic  nctions  plainly  follows 
fiom  the  line  P  R,  the  third  proportional  to  P  O  and  P  Q, 
bdi^  the  principal  parameter,  whether  the  path  be  an 
cfipae,  parabola,  hyperbok,  or  drde.* 


*ne  only  dificulty  in  the  inference  of  s  oonie  aedion  as  the  ne- 
eenry  path  of  a  projectile  influenced  by  a  force  in  the  inTcne  dupli- 
9k  latio  of  the  distance  from  the  centre,  has  arisen  from  the  practice 
<f  the  allgebraic  analysts,  of  defining  all  corye  lines  by  the  relation  of 
aiabsdaa  to  parallel  ordinates.  But  this  is  by  no  means  necessary; 
tni  on  eorres  whidi  enclose  space,  are  as  naturally  refb^ble  to  a  fbens, 
nd  definable  by  the  relation  between  the  radii  and  a  drcnlar  arch. 
AaeqiMtiaii  cxptessing  the  fiwal  chord  of  curfatore  is  as  distinctive 
lithe  usual  equation,  and  leads  us  with  ease  to  the  chief  properties 
rfdieflgwe.    Therefore 

Let  S  P,  the  given  distance,  be  a,  and  any  mdeterminate  distance  be 
'.  Let  the  perpendicular  S  N  (also  given  by  S  P  and  the  given  angle 
SPK)  be  h,  and  let ;» be  the  perpendicular  and  q  the  fboal  diovd  of 
wwatare,  ewrespouding  to  the  distance  jp.  J^4PTbe*i<i.  Then 
aehare 

A*  if  «*■■/>*  9  a* 

T    ^  ex* 

ui-^d^e  then  9  *■  -^  »  which  is  an  equation  to  a  conic 


t 


•  to  point  oat  the  geai 
di^KJcal  nodoB,  and  tbeir  fbymai  cnfMf.     For  thii 
pinpiMe,  the  foQowing  pcopoMlioa  a  vtfiiL 

947.  When  a  bodj  doczibes  aaj  carts  Uoe  B  DPA 
(Fig.  26.)  by  means  of  a  defleoing  force  directed  to  a  £ocw 
8,  (he  ai^  S  P  S,  which  die  ndhis  vedor  makes  with  the 
(fiRCtioD  of  die  motion,  dininiahes,  if  die  velodtf  in  ihe 
poiot  P  be  luB  dian  what  would  enable  die  body  lo  it- 
saibe  a  cirde  roond  S,  and  increaaea,  if  U»e  vekntj  be 
fteaur. 

If  die  velocity  of  the  body  in  P  be  leas  Uian  that 
m^fat  produce  a  circular  motioD  round  St  then  its  {Mttk  wH^ 
owlesoe  with  the  naacant  arch  F^  of  a  drcle  whoM  dftj 
flccuve  chord  of  cnrrature  is  le«  than  S  P  &■}  I<Ct  ift. 
halfbePO,  lessdian  PS,  andletPjibeamyB 
arch.  Draw  the  tangents  P  N,^ft  and  die  perpeadbnlan^ 
SN,  Sb.  Fq  perpendicular  to  PN  wiUmeetf  jp 
dicular  topn  (Ppb«ngevaiieaoent)iD  g  the  centre  of  cu^ 
Tatnre.     DrawpS  and^O. 

It  is  evident  that  the  angles  P  qp  and  P  Op  are  ftki> 
mately  equal,  as  they  stand  on  the  same  arch  Fp  of  tlie 
cquicurve  circle,  and  are,  respectively,  the  doubles  of  tbe 
angles  at  the  circumference.  F  ^^  is  evidently  equal  tft 
N  Si».  Therefore  POp  ia  equal  toNS«,andP8fb 
lessthanNSn.  Thereifbre  P  S  N  is  less  than  ^  S  <•,  i 
SPN  ia  greater  than  Spn.  Therefore  die  angle  S  P Nl, 
diminishes  when  P  O  is  less  than  P  S,  that  is,  when  tlie^ 
vdodty  in  P  is  less  than  what  would  enable  the  ceotiipc 
force  in  P  to  retain  die  body  in  a  atcle  round  S. 


of  which  f  it  the  poraineteT,  5  the  focus,  and  P  N  a  tangent  in 
Now  «  ii  ■  given  mognirude,  becaiue  a,b,d,  ate  all  given.  Expra 
ing  the  angle  SPN  by  #,  we  hate e  =  d*  sin.*  «.    Sc«  sifio  fot  ll 

^•rticular  case  of  a  force  proportional  to  ^  ihe  disaertationa  t^  I 
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Oil  (be  olber  h&od,  if  the  vetudty  in  V  I>c  grealcr  tlifui 
«lnl  taita  a  circubu:  mottoD  round  S,  it  is  plain  that  P  O 
■I  be  girater  tfatn  F  S,  aod  the  angle  PSp  will  be 
patet  than  N  S  n,  and  the  angle  P  S  N  gn-nter  than 
/S«,«M]tlierd'oi«tbc  angle  SPN  will  be  less  than  Sp*h 
ie. 

MSL  Appljing  tliia  observation  to  the  case  of  elliptical 
■stioB,  «e  get  a  more  distinct  notion  of  its  different  affec- 
tion, and  Ibrir  dependance  on  their  physical  causes. 

Iiit}KbaIfDAB(Fig.  18.)  of  the  ellipse  desciibed  by 
a  planet  round  tlie  Sun  in  its  focus  S,  the  middle  point  of 
tbc  dcAectnre  or  Ibcal  chord  of  curvature  lies  between  the 
jinet  and  the  focue.  Therefore,  duting  the  whole  motioo 
ban  D  lo  B,  along  the  semiellipse  DAB,  tlie  angle  con- 
IsDcd  between  tlic  radiua  vector  and  the  line  of  the  planet's 
notuD  ta  contimially  diminishing.  But  during  tlie  motion 
in  ilw  RmieUipsct  B  P  D,  the  angle  is  continually  increati- 
in;-  It  ia  therefore  the  greatest  possible  in  D,  and  the 
Emllalia  B. 

Let  the  piaoet  set  out  from  its  aphelion  A,  with  itx  due 
•Acity,  moTing  in  the  direction  A  F.  The  velocity  in  A, 
bmg  equal  to  that  acquired  by  a  uniform  acceleration 
abng  OH-fourth  of  the  parameter,  is  vastly  less  than  what 
*oaU  make  it  move  in  the  drcular  arch  A  L,  of  which  S 
isdie  centre,  and  the  planet  must  fall  within  that  arcle. 
Thaifuii.  ha  path  will  no  longer  be  perpendicular  to  the 
lafios  vector,  but  must  now  moke  with  it  an  angle  some- 
»l»l  acute  The  centripetal  force  thereibrc  is  now  rcsdv. 
iUb  iabi  two  forces,  one  of  which  accelerates  the  planet's 
■olion,  and  the  other  incurvates  its  patJi.  Its  direction 
bnp  it  ncavcr  to  tlic  Sun.  While  in  thequadrant  A  F  B, 
^  velocity  is  always  leas  than  what  is  required  lor  a  circu- 
Ui  nntioo.  For,  if  from  atiy  point  F  in  this  quadrant, 
POhe  drawn  perprndicular  to  the  tangent,  meeting  the 
t'BiivcrBc  axis  in  G,  and  if  G  H  be  drawn  perpendictdar 
"thcnonualFG,  UF  ia  (we  half  of  the  fixaJdiordof 


150  PHYSICAL  A6TEONOMT. 

cunrature,  and  H  lies  between  P  and  S.    Now,  it  has  been 
shewn  that  when  this  is  the  case,  the  angle  S  Fti  diminishes^ 
and,  with  it,  the  ratio  of  8 1»  to  S  F  (this  ratio  b  that  d 
CB  to  the  semidiameter  CO,  the  conjugate  of  CF. 
Consequently,  there  will  be  continually  more  and  more 
of  the  centripetal  force  employed  in  accelerating  the  mo- 
tion, and  less  employed  in  incurvating  the  path,  the  first 
part  bring  F  n  and  the  other  S  n.   When  the  jdanet  arriTei 
at  B,  the  point  H  falls  upon  S,  and  the  yelodty  is  predsdj 
what  would  suffice  for  a  drcular  motion  round  S,  if  the 
direction  of  the  motion  were  perpendicular  to  the  radhu 
vector.     But  the  .direction  of  the  motion  brings  it  still 
nearer  to  8.    A  great  pert  oi  the  centripetal  .fbtce  is  still 
employed  in  accelerating  the  motion;  and  the  moment  the 
planet  passes  B,  the  velocity  becomes  greater  than  what 
mj^t  produce  a  circular  moticm  round  8.    For  H  now 
lies  beyond  S  from  B.     Therefore  the  angle  S  B  N,  which 
is  now  in  its  smallest  posnble  state,  begins  to  open  again^; 
and  this  diminishes  the  proportion  of  the  centripetal  Sane 
which  accelerates  the  motion,  and  increases  the  proportion 
of  the  incurvating  force.     The  planet  is,  however,  still 
accelerated,  preserving  the  equable  description  of  areas. 
The  angle  S  B  N  increases  with  the  increaring  veloci^, 
and  becomes  a  right  angle,  when  the  planet  arrives  at  its 
perihelion  P. 

It  is  shewn,  by  writers  on  the  conic  sections,  thatthediofd 
P I  cut  ofi^from  any  diameter  P  A  by  the  eqiucurve  circle 
Pal,  is  equal  to  the  parameter  of  that  diameter.  There* 
fore  the  centre  o  of  this  circle  lies  beyond  S.  The  planet, 
pasfflng  through  P,  is  describing  a  nascent  arch  of  this 
circle.  Consequently,  the  curve  which  it  is  describing 
passes  without  a  drcle  described  round  S^  and  the  jdanet  is 
now  receding  from  the  Sun.  This  is  usually  accounted  for» 
by  saying  that  its  velocity  is  now  too  great  for  deseribing  a 
circle  round  the  Sun.  And  this  b  true,  when  the  intensity 
of  the  deflecting  force  is  considered.     But  it  has  been 
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tbwght  ctilGcuil  to  kocount  for  tlte  planet  now  rctiriog  from 
the  Sun,  in  the  peribelian,  where  the  centripetal  Turce  is 
ibe  gnale»t  of  all — greater  than  what  has  already  been 
(fain  lo  bring  it  continually  nearer  to  (lie  Sun.  Wc  arc  apt 
to  eipea  Utat  it  will  cocae  sUll  nearer.  But  tlie  fact  is,  that 
■be  {datKt,  ID  passing  through  P,  is  really  moving,  so  that, 
if  the  Sun  were  suddenly  transferred  U>  o,  it  would  circu- 
late round  it  for  ever.  But,  in  duacribing  the  smallest  por- 
tion of  the  drt:]e  P  a  I,  it  goes  without  the  circle  which  has 
SfuT  il>  centre,  and  its  motion  now  makes  an  obtuse  angle 
with  (be  radius  vector,  although  it  is  perpendicular  to  a 
nditu  dnwQ  to  o.  There  is  now  a  portion  of  the  centri- 
pcUl  force  employed  in  retarding  the  motion  of  the  planet, 
■nd  its  velocity  is  now  diminished;  and  the  angle  of  tlie 
nuliuB  vector  and  the  path  is  now  increased,  by  the  some 
dtjrecM  by  which  they  had  been  increased  and  diminished 
dutiiig  the  approseh  to  tlie  Sun.  At  D,  the  planet  has  the 
WDc  distance  trom  the  Sun  that  it  had  in  B,  and  the  same 
Tdodty.  The  angle  S  D  u  is  now  as  much  greater  than  a 
i^t  angle  as  S  B  N  was  less ;  and  at  A,  it  is  reduced  to  a 
oght  aagle,  and  the  velocity  is  again  the  same  as  the  first. 
la  this  way  llic  planet  will  revolve  for  ever. 

It  was  shewn  in  Dynamics,  that  In  the  curvilineal  motion 
itf  bodies  by  the  action  of  a  central  force,  the  velocities  are 
UTcnely  as  the  perpendiculars  from  the  centre  of  forces 
w  the  lines  of  their  directions.  In  the  perihelion,  the  ra- 
dios vector  is  pi'rpendicutar  to  the  paUi.  The  perihelion 
dvUaoo  may  therefore  be  taken  as  the  unit  of  the  scale  on 
»liich  all  tJie  other  velocities  arc  measured.  The  other 
nioddes  may  tlieretore  be  considered  as  fractions  of  tha 
pnhjfiiun  vclority,  which  is  tlie  greatest  of  all 

1b  elliptical  motions,  the  velocities  in  evL-ry  point  are 
Mlbc  |ier{>jndioulars  drawn  from  the  otiicr  Iht^us  on  ihe 
t  point.    For  the  perpendiculars  on  any  tan- 


lliwn  from  tht-  two  foci  u 


t  Ucuoe  it  appears  that  'd  a  body  viU  out  fvoni  P. 
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with  the  velocity  acquired  by  uniform  accdenoioa  i 
P  S,  and  describes  a  parabola  by  means  of  a  centripc 
force  directed  to  S,  the  velocity  ditniiiishea  without  Unit 
Fat  die  perpendicidai-  drawn  from  the  focus  on  a  tangent 
to  8  parabola  may  be  greater  than  any  line  that  can  be  as*  i 
signed,  if  tlie  point  in  the  parabola  be  taken  tufficdeott]^. 
remote  fttmi  tlie  verlei. 

25a  If  the  body  set  out  from  P  with  a  tdodty  e 
ittg  what  it  would  acquire  by  unifot^  acceleration  Aloti^ 
P  S,  it  wilJ  describe  a  hyperbola,  and  its  velocity  will  ditj 
minish  ccHitinually.  But  it  will  never  be  less  than  a  c 
determinable  magnitude,  to  which  it  continually  approxu 
mates.  For  the  perpendicular  froni  the  focus  on  the  ti 
gent  in  the  most  remote  point  of  the  hyperbola  that  can  bft 
assigned,  b  still  less  than  the  perpendicular  to  the  ajsynp. 
tote,  to  which  the  tangent  continually  approaches. 

But,  when  the  velocity  in  the  periheltdu  is  less  than  that 
acquired  by  uniform  acceleration  along  P  S,  there  will  al- 
ways be  a  limit  to  its  diminution  by  the  recess  from  the 
centre  of  force.  For  the  velocity  being  so  moderate,  tlW 
path  is  more  incurvated  by  the  centripetal  force ;  so  thit 
the  body  b  made  to  describe  a  curve  which  has  an  Vpptt 
apjBs  A,  as  w^  as  a  lower  apsis  P.  The  Ixtdy,  after  pUKra 
ing  thmugh  A  at  right  angles  to  the  radms  vector.  Is  n 
acce^rated,  because  its  path  now  makes  an  acute  angle  ^ 
with  the  radius  vector ;  and  thus  the  velocity  is  again  ii 
creased. 

£51.  The  velocity  in  any  point  of  the  dlipse  descrilwd 
by  a  planet  is  to  the  velocity  that  would  enable 
fiwce  to  rHain  it  in  a  circle  at  the  same  distance,  in  the  sub- 
duplicate  ratio  of  its  dbtance  from  the  upper  focus^lo  At 
aemitraosTefse  axis.     Thai  is,  calling  the  elliplK  vehiii^J 
V,  and  the  circular  velocity  r,  we  has«  V* :  fc*  =  P«:CA.,| 
(Pig.  86.) 

For(a5a)  V»;r'=PO:PS. 

But  bj  ««uciKeeHM«  it  is  diewa  ibal- FO  X  CA  Jae^u 
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C*=P8xP«.     Tberefbn  POiFS  =  P«:CA 

•:»*=P»:CA. 

.  The  angular  motioii  in  (be  ellipae  is  to  tbe  uiguW 
I  in  a.  circle  at  the  some  distance,  and  by  tbe  actvtti 
nme'-  force,  in  the  nibdupliAte  ratio  of  half  tfa« 
eter  to  the  distance  frolB  S. 
it  Pp,  a  small  aftOtiAf  the  ellipse,  and,  vith  the  centre 
1  distance  S  P,  describe  the  Circular  arch  P  a  V,  cUt> 
piax.     Make  Pp  to  P  V  U  the  velodty  ih  the  eU 

0  that  in  the  citcle.     Then  it  is  plun  that  P  z  is  to 

1  the  angular  motioQ  in  the  ellipse  is  to  the  ^gultt 
1  in  the  circle. 

t  WM^  xFp  bang  the  ctttaptement  of  NP6  (becatisc 
•jr  be  cmndered  as  ccAnekling  with  ^P)  it  is  eqUal 
P.     Tberefote, 

Ps>  :  P>»  =  SN*  :  SP«,  =  PQ«  :  PC 
tbffrfae  P«« :  Pj)»  =  PR  :  PO 
bat  Pp»  :  PV«  =  PO  !  P8 

therefore  Ex* :  PV  =  PR  :  PS. 
'.  The  angular  tnotioa  io  the  circle  ekceeds  that  hi 
ipK,  when  the  point  R  lies  between  P  abcl  S,  and 
^oR  oTit  nbat  R  lies  beyond  S.  Tliey  are  eqbal 
PS  ia  popendicular  to  AC,  tit  -wbea  the  true  Jmomalj 
I  plnet  is  90°.  Fot  then  R  and  S  coibcide.  Hetre 
{roach  to  S  is  most  ra^ad. 

L  In  any  point  of  the  ellipse,  the  gravitation  or  cen- 
d  face  is  to  that  which  would  produce  life  same  an- 
nxitiaii  in  a  drcle,  at  the  same  distance  from  tfae  Sun, 
r£it«Me  is  to  half  die  parameter,  that  is,  as  FS  to 

',  by  die  last  proposition,  when  the  forces  in  the  at- 
i  e^ne  are  the  same,  the  angular  motion  in  the  dr* 
sto  that  in  the  ellipse  as  PV  to  Pz,  vhath  has  been 
I  to  be  a»  VTS  to  '/PS.  Therefore,  when  the  HO- 
vdodiy  in  the  circle,  and  conacquendy  the  real  velo- 
ia  dianged  &odi  FV  to  Pz;  in  order  that  it  may  be 
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the  same  with  thai  in  the  ellipse,  tlie  centripetal  force  mii«t 
be  changed  in  the  pro]iortioii  of  PV^  to  Par,  tliat  iit,  ol 
PS  to  Pllf  Therefore  the  force  which  retains  the  bodj 
in  the  ellipse  is  to  tiial  which  will  relaia  it  ivilh  the  sau 
angular  motion  in  a  circle  at  that  distance  as  PS  to  PR. 

These  are  the  chief  aifections  of  a  motion  regulated  bj 
a  centripetal  force  in  the  inverse  duplicate  ratio  of  the  dib 
tance  from  the  centre  of  forces.  The  comparison  of  them 
with  motions  in  a  circle  gives  us,  in  most  cases,  easy 
of  stating  every  change  of  angular  motioD,  or  of  approub 
to  or  recess  from  the  centre,  by  means  of  any  change  of 
centnpctal  force,  or  of  velocity. 

Such  changes  frequently  occur  in  the  planetary  sf 
and  tlie  regular  elliptical  motion  of  any  individual  planet, 
produced  hy  its  gravitation  to  the  Sun,  is  continually  dis- 
turbed by  its  gravitation  to  the  other  planets.     This  dis- 
turbance is  proportional  to  the  square  of  the  distance  from 
the  disturbing  planet  inversely,   and   to  the  quantity  of 
matter  in  that  planet  directly.     Therefore,  before  we 
ascertain  the  disturbance  of  the  Earth's  motion,  for  ex 
pte,  by  tlie  action  of  Jupiter,  wc  must  know  the  pmpvt' 
boa  of  the  quantity  of  matter  in  Jupiter  to  that  in 
Sun.     This  may  seem  a  question  beyond  the  reach  «f 
man  understaadmg.     But  the  Newtonian  pliiloet^hy  fui- 
nishes  us  witli  infallible  means  for  deciding  it. 

^i  Oft/te  Quantity  of  Matter  In  ihi;  Sun  and  Plaiula. 
,ti.i'- 

,,SiKcE  it  appears  that  the  mutual  tendency  which  ve 
have  called  Gravitation  is  competent  to  every  particle  «( 
matter,  and  therefore  tlie  gravitation  of  a  particle  of  mailer 
to  any  mass  whatever,  is  the  sum  or  aggregate  of  its  gti- 
vit^tioQ  to  every  atom  of  matter  in  that  mass, — it  foUews, 
that  the  gravitation  to  the  Sun  or  to  a  j)laaet  is  propoT' 
tional  to  tlie  quantity  of  matter  in  the  Sim  or  the  plaaek. 
As  li^^gravltatJDti  may  thus  be  computed,  when  we  ksov 
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Ibt  qoratity  of  matter,  so  thu  may  ix  computed  when  we 
lunir  the  graviuuicHi  towards  ii.  Hi^ce  it  i§  evident,  that 
nan  ascertain  the  proportion  of  the  qiiatiliticE  of  matter 
m  my  two  bodies,  U'  we  know  the  proportion  of  tlie  gravi- 
Uiions  toward  them. 
1254.    The  tendency  toward  a  body,  of  wbtch  m  is  the 

qusDlitjr  of  matter,  and  d  the  distance,  is  ==  -j,.     It  ii  this 

ttmkn^  which  produces  dcUcclioii  from  a.  straight  Une, 
and  it  ia  measured  by  this  deflection.  Now  this,  in  the 
aae  of  the  planets,  in  measured  by  the  distance  at  whicli 
tbc  FevoluUon  is  performed,  and  the  velocity  of  that  re- 
nilatioa.  We  found,  tlmt  tliis  combination  is  express- 
id  by  the  proportional  equation  g  ==  — ,, 


,  where  p  is  the 


periodic  time.     Therefore  we  liave  -75  ■ 


-y 


and, 


quemly, ' 


By  this  means  we  can  compare  tlie  quantity  of  matter 

in  all  audi  bodies  as  have  others  revolving  round  them. 

Thus,  wc  may  compare  the  Sun  witi)  the  Earth,  by  com- 

fuing  the  Moon's  gravitation  to  the  Earth  with  the  Earth's 

gnrilatioQ  to  the  8ud.     It  will  be  convenient  to  consider 

IW  Earth  aa  the  unit  In  this  cotnparison  with  the  other 

bodies  of  the  system. 

The  Sun's  distance  in  miles  is  93T26900 

Tbc  Mochi'g  distance  -  .  S40144 

The  Earth's  revolution  (ddcrcal)  liays  365,25 

The  Moon's  sidereal  revolution  (days)     -        37,3:22 

•pi.—^      9372690(P  X  27,322^      ^,..._ 

^*^""  -840144^X365^5^  =  3^^^*'^- 

BdI  this  must  be  increased  by  about  ,'e,  because  the  gravi- 

lalioo  to  the  Earth  is  stated  beyond  its  real  value,  by  the 

■uppooitinn,  tliai  ihu  revolution  of  tlic  Moon  is  performed 

Rnnd  the  centre  of  thi;  Earth,   whereas  it  is  really  per> 
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fonotod  round  tfadir  oommoii  o»itre.  Thia  incr 
the  Sufi^B  quantity  t£  matter  may  be  eatiniated  at  3! 
tiniM  that  of  this  Earth. 

It  must  be  observed,  that  this  oomputatmi  is  nota 
great  accuracy.  It  depends  on  the  distance  of  the 
and  any  mistake  in  this  is  accompanied  by  a  fimilai 
take^  but  in  a  triplicate  jxopartion.  Now  our  estii 
of  the  Sun^s  distance  depends  entirely  on  the  Sun^s 
sontal  parallax,  as  measured  by  means  of  the  tnmfl 
Venus.  The  error  of  ,^  of  a  iBeeond  in  this  parallax  (' 
is  only  about  8',7  or  8%8)  will  induce  an  error  of 
the  whole. 

In  like  manner,  we  ct>mpare  Jufnter  with  the  Eanj 
cdmparing  the  gravitation  of  the  first  satellite  with  th 
the  Moon,    This  makes  Jupiter  about  31S  times 
massive  than  the  Earth. 

The  quantity  of  matter  in  Saturn  deduced  firom  th 
volution  of  his  second  Cassinian  satellite,  is  about  lOS 
that  of  the  Earth. 

Herschers  planet  contains  about  17  times  as  much 
tei^  as  our  globe,  as  we  ieam  by  the  revdution  of  its 
sateHite. 

We  have  no  cfttch  means  for  obtaining  a  knowkdj 
the  qtiaittity  of  matter  in  Venus,  Man,  or  TAtt 
Hiese  ate  therefore  only  guessed  at,  by  means  of  «i 
physical  considerations  which  afford  some  data  for  an 
nion.  Vencrs  is  thought  to  be  aixmt  }}  of  the  B 
Mars  about  i,  and  Mercury  about  ^\  But  these  are 
vague  guesses.  We  jud^  of  fbe  Moon's  quasitity  of 
ter  with  some  more  confidence,  by  comparing  the  kiAi 
of  the  Sun  and  Moon  on  the  tides,  and  <m  the  prece 
of  the  equinoxes.  The  Moon  is  supposed  about  i/^  o 
Earth. 

!From  this  comparison  it  will  appear;  that  the  Sun 
tidns  nearly  800  times  as  mudi  matter  as  all  the  pii 
combined  into  one  mass.    Therdbre  the  gravitatioii  ti 
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1  iexcccdd  Umt  of  any  oik  plftaet  to  another, 
ikntfaeir  mutual  disturbances  are  but  incooslderable. . 

US.  The  proportion  of  the  quantities  of  matter,  dis. 
anad  by  this  process  of  reasoning,  is  very  different  from 
oiat  we  should  have  deduced  from  the  observed  bulk  of 
the  different  bodies.  Thu«,  Saturn's  diameter  being  about 
In  tones  that  of  the  Earth,  we  should  have  inferred,  that 
be  ron^irinff*  a  thousand  times  a*  much  matter,  whereas 
be  contains  only  about  103  or  104.  We  must  therefore 
coodudc,  tliat  the  den^ties  of  the  Sun  and  planots  are  very 
^enmL  Still  taking  the  Earth  as  tlie  unit  of  the  scale, 
mi  oambinmg  the  ratioa  of  the  bulks  and  the  quao^tks  of 
nOa,  IK  may  si^,  that  the  denaty  of 

Tbe  Sua  is  -  -  0,a5 

Vmus  .  .  -         1,27 

Earth  -  .  .  1 

Man        ....        0,78 
Jupiter  .  .  ■  0,S9S 

Saturn      ...  .        0,1S« 

Georgian  Planet         -  -  0,21S 

It  appears,  t^  this  statement,  that  the  density  of  the 
Jiincta  is  less,  as  they  are  more  remote  from  the  centre  of 
nwlntioa.  HcTEchers  planet  is  an  exception ;  but  a  small 
disnge  on  his  appareat  diameter,  not  exceeding  half  a  m- 
onl,  will  perJvctly  reconcile  them. 

tB&  Knowing  ilie  quantity  of  matter,  and  the  (^meter 
cf  tite  bodies  (if  the  system,  we  can  ea^ly  tell  the  aceela- 
nan  foree  of  gravity  acting  on  a  body  at  their  surfaoes 
hj  made  406,  that  is,  what  velocity  gra^nty  will  genenue 
■  s  ttmad  of  time,  or  how  far  a  body  will  fall  in  a  B«iind, 
'■  tike  manner,  wc  can  toll  the  pressure  occaeioncd  by  the 
*<3gltt  cr  hoavinns  of  a  body,  as  this  may  be  measured  by 
Ibt  scale  of  a  spring  steelyard,  graduated  by  additions  <»f 
"H  knovn  pressures.  It  cannot  be  measured  by  a  bal- 
"fe,  which  only  compares  one  mass  ol' equally  heavy  inau 
•wwUh  another. 
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Thus,  the  space  fUlei^  through,  and  the  apparent  weight 
of  a  lump  of  matter,  by  »  spring  stedyard,  will  be 

FaUinV.     Weight 
At  the  surface  of  the  Sun        -  461  feet      S8»S 

Earth         -      16,09  1 

Jupiter     -        41,64  S,6 

Saturn        -     14,4  0,8» 

Herschel  18,7  1,16 

Of  the  Mutual  Dtstutbances  of  the  Pkmeiary  Motiam. 

257.  The  questbns  which  ^oocur  in  this  department  al 
the  study  are  generaUy  of  the  most  delicate  nature,  and 
require  the  most  scrupulous  attention  to  a  varie^  of  cir- 
cumstanoes.     It  is  not  enough  to  know  the  direction  and 
intenfflty  of  the  disturbing  force  in  every  point  of  the  plap 
net^s  modon.    We  must  be  able  to  collect  into  one  aggre- 
gate the  minute  and  almost  imperceptible  changes  that 
have  aoctunulated  through  perhaps  a  long  tract  of  time, 
during  which  the  forces  are  continually  changing,  both  in 
direction  and  in  intensity,  and  are  frequently  oomfaiiied 
with  other  forces.     This  requires  the  constant  employment 
of  the  inverse  method  of  fluxions,  which  is  by  far  the 
difficult  department  of  the  higher  geometry,  and  La 
an  imperfect  state.    These  problems  have  been  ezduwrdy 
the  employment  of  the  most  eminent  matbematidana  of 
Europe,  the  only  persons  who  are  in  a  condition  to  improwe 
the  Newtonian  philosophy^  and  the  result  of  their  labours 
has  shewn,  in  the  clearest  manner,  its  supreme  exoellence^ 
and  total  dissimilitude  to  all  the  physical  theories  which 
have  occupied  the  attention  of  philoeophers  before  the  days 
of  the  admired  inventor.    For  the  seeming  anomalies  that 
are  observed  in  the  solar  system  are,  all  of  them,  the  coi^ 
sequences  of  the  universal  operation  of  one  simple  focc^ 
without  the  interference  of  any  other,  and  are  all  fusoepl^ 
ble  of  the  most  precise  measurement  and  comparison  with 
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obiemtwn ;  ao  that  what  we  choose  to  mil  anmn^ieK,  \t- 
iqpilvities,  and  disturbancM,  are  as  much  thp  mult  til' 
tk  gencnl  pervading  priodple  aa  the  elliptical  motions, 
of  wtieh  they  are  regarded  as  the  disturbances. 

It  11  in  this  part  of  the  study,  also,  in  which  the  penc- 
tnting  and  inventive  genius  of  Newton  appears  moat  con- 
ipieuouily.  The  first  law  of  Kepler,  the  equable  dcscrip- 
bao  of  areas,  led  the  way  to  all  the  rest,  and  made  the  dc- 
tedioii  of  the  law  of  planetary  force  a  much  easier  taak. 
But  tbe  moat  discriminating  attention  was  necessary  for  hc- 
pmting  from  each  other  the  deviations  from  umple  eltip- 
tieal  motion  which  result  from  the  mutual  gravitation  of 
dwpharts,  and  a  consummate  kn6wledge  of  dynamics  for 
euupulii^  and  summing  up  all  those  deviations.  The 
mate  waa  yet  to  create ;  and  it  is  chiefly  to  this  that  the 
fat  book  of  Newtoo^s  great  work  is  dedicated.  He  has 
pim  At  moat  beauttiul  specimen  of  the  investigation  in 
ha  limy  of  the  lunar  inequalities.  To  every  one  who 
haK^inred  ajust  taste  in  mathematical  composition,  that 
Amy  «31  be  considered  as  one  of  the  moat  elegant  and 
yfaui^peTfannaDoes  ever  ezhilrited  to  the  public.  It  is 
tne;  thit  it  b  but  a  commencement  of  a  most  delicate  and 
fBnb  inveatigation,  which  has  been  carried  to  auccesaivc 
dtpcsof  Bmcfa  greater  impnveinent,  by  the  unceasing  I&- 
Inn  rf  Ac  fint  matbematieians.  But  in  Newton's  work 
an  tD  be  fatrnd  all  tbe  bdpa  for  the  prosecution  of  it,  and 
tlie  te  ^ipfaffion  of  his  new  geometry,  contrived  aa  pur- 
poK;  ad  aD  tbe  steps  of  the  process,  and  the  methods  of 
.  are  poiated  out— all  of  Newtcm's  invention, 

It  BM  be  telber  remarked,  that  tbe  knowledge  of  the 
■siaiTw  cf  the  planetary  motions  u  of  the  greatest  iro- 
pat^se.  WidiDiit  a  tot  advanced  state  of  it,  it  wiould 
kan  keM  MniiaHile  to  oonstrud  aocunte  tables  of  tbe 
^■r  mabnmL  fiot  by  tbe  appfieatkn  Ot  tin*  thMry, 
MnirteaaaKiDcledtaUesao  accurate,  tfnt,  by  olMrv. 
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tog  tb^  distanoe  of  the  Moon  firom  a  properly  seleetfiil  aiar^ 
the  }caigituc|e  no|ay  be  foupd  at  sea  with  aiji  exiKstneofi  quite 
9uffii4f9Qt  for  payigaticm.  T^  i^ethod  ii^  now  uoiveraiUy 
practised  on  hoaixl  of  oyr  fa^t  India  ships.  Thia  r^uires 
s^cb  accurate  th^ry  and  tables  of  the  .Moon^s  motion,  that 
W^  niuat  at  all  timep  be  able  to  cletermme  her  place  within 
ik^  SOth  part  of  her  own  diaip^iOT.  Yet  the  Moon  as  sub- 
ject to  mor^  anpmali^.  tbw  any  other  body  in  the  solar 
systeqi. 

But  the  study  is  np  ]es9  valuable  to  the  qpeculatiTe  pbi- 
)ps(^h^f  Few  things  ^ure  mote  pleasing  than  the  being 
able  to  trace  on}^  and  harmony  in  the  midst  of  aeeniiiig 
ponfusion  apd  derangemait  No  wlwe,  in  the  wida  range 
of  speculation,  is  order  more  oompl^y  eSeoted.  All  Ae 
oeeming  disorder  tenpiiiates  in  the  deteotioii  of  a  daaa  cf 
subordinate  motions,  which  have  regular  periods  of  ifr- 
d^ease  and  .diminutioB,  never  arising  to  a  magnitude  thai 
makes  any  considerable  chapge  in  the  simple  dliptical  mo^ 
tions ;  so  that,  ^nally>  the  solar  system  seems  calculated 
for  almost  eternal  duration^  without  sustaining  any  devise 
tion  from  its  present  state  that  will  be  perceived  by  any 
beffldes  astronomers.  The  display  of  wisdom,  in  the  se^ 
lection  of  this  law  of  miitual  action,  and  in  accommodating 
it  to  the  various  circumstances  which  contribute  to  tUi 
duration  and  constancy,  b  sqrely  one  of  the  most  engagii^ 
objecta  that  can  attract  the  att^tion  of  mankind. 

I|i  this  elepn^tary  course  of  instruction,  we  pannot  give 
a  detail  of  thp  mutual  disturbances  of  the  planetary  moi 
tions.  Yet  there  are  pcdnts,  both  in  respect  of  dodxiae 
and  of  method,  wluch  may  be  call^  elementary,  in  rd»» 
tion  to  this  particiUar  subject  Xt  is  proper  to  ooaaider 
these  with  some  attention* 

358.  The  regularity  of  the  motions  of  a  planet  A  round 
the  Sun  would  upt  be  disturbed  by  the  gravitation  of  botk 
to  another  plapiet  0,  if  the  S«ui  and  the  planet  A  graviCattf 
to  B  with  equal  fpn^  and  in  the  saine  or  in  a  parallel  di- 
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BctioD.  Tbe  cUaturbance  arises  entirely  from  the  ine- 
^nUty  and  the  obliquity  of  tbe  gravitatioiu  of  tbe  Sun 
nd  of  the  planet  A  to  B.  The  manner  in  which  these 
B  may  be  conudered,  and  the  grounds  of  com- 
,  will  be  more  clearly  understood  by  an  example. 
Let  8  (Fig.  S7.)  represent  the  Sun,  E  the  Earth,  and 
i  the  planet  Jupiter.  Let  it  be  farther  supposed  (which 
iBBj  be  done  without  any  great  error)  that  the  Earth  and 
Japiter  describe  concentric  circles  round  the  Sun,  and  that 
Ae  Sun  owtoins  1000  times  as  much  matter  as  Jupiter. 
iUa  JS  to  EA  OS  the  square  of  £  J  to  the  square  of  S  J. 
TlwD,  if  we  take  S  J  to  represent  the  gravitation  of  the 
Sim  to  Jufnter,  it  is  pUin  that  E  A  will  represent  the  gra- 
liwion  of  the  Eartli,  placed  in  E,  to  Jupiter.  Draw  EB, 
pnlU  and  equal  to.  J  S,  and  complete  the  parallelogram 
EfiAD.  The  force  with  whidi  Juinter  deranges  the 
■alin  cf  tbe  Earth  round  the  Sun  will  be  represotted  by 
ED. 

f«  tbe  fonx  E  A  is  equivalent  to  the  combined  forces 
EB  ind  E  D.  But  if  tfie  Sun  and  Earth  were  impelled 
oi^tf  tbe  equal  and  parallel  forces  S  J  and  EB  acting 
to  emy  particle  of  eadi,  it  is  plain,  that  their  relative  mo- 
^  would  Dot  be  aifected  (98.)  It  is  only  by  the  impul- 
■oe  Minng  from  the  force  £  D,  that  their  relative  situa- 
tioM  will  sustain  any  derangement. 

iSi.  Ttufl  derangement  is  of  two  kinds,  affecting  either 
tbe  gravitatira]  of  the  Earth  to  the  Sun,  or  her  angular 
■atiaa  round  him.  Let  E  U'  be  conadered  as  the  diag- 
•dof  a  rectangle  EFDG,  EG  lying  in  the  direction  of 
ikendiusSE,  and  E  F  being  in  the  direction  of  the  (an- 
pnt  to  the  Earth's  orbit.  It  is  pkin  that  the  force  E  G 
Acu  the  Earth^s  graviution  to  the  Sun,  while  EF  aflecu 
^  iDotion  round  him.  As  EG  is  in  the  direction  of  the 
ti£us,  it  has  no  tendency  to  accelerate  or  retard  her  mo- 
lioD  round  the  Sun.  EF,  on  the  other  band,  does  not  af- 
fta  tbe  gravitation,  but  the  motion  in  the  carve  only. 
Vol.  hi.  J, 
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This  disturbing  force  ED  varies,  both  in  direction  and 
magnitude,  by  a  variation  in  the  Earth's  position  in  rela- 
tion to  the  Sun  and  Jupiter.  Thus,  in  Fig.  A,  which  re- 
presents the  Earth  as  almost  arrived  at  the  conjunction 
with  Jupiter,  having  Jupiter  near  his  opposition  to  the 
Sun,  the  force  E  G  greatly  diminishes  the  Earth's  gravita- 
tion to  the  Sun,  and  the  force  EF  accelerates  her  motion 
round  him  in  the  order  of  the  letters  E  C  P  O  Q.  In  Fig, 
B,  the  force  E  G  still  diminishes  the  Earth's  gravitation  to 
the  Sun,  but  -E  F  retards  her  motion  from  O  to  Q.  In 
Fig.  C,  E  G  increases  the  Earth^s  gravitation  to  the  Sun, 
and  E  F  accelerates  her  motion  round  him.  It  appears 
very  plainly,  that  the  motion  round  the  Sun  is  accelerated 
in  the  quadrants  Q  C  and  P  O,  and  is  retarded  in  the 
quadrants  C  P  and  O  Q.  We  may  ajso  see,  that  the  gnu 
vitation  to  the  Sun  is  increased  in  the  neighbourhood  of 
the  points  P  and  Q,  but  is  diminished  in  the  neighbour- 
hood of  C  and  O,  and  that  there  is  an  intermediate  point 
in  each  quadrant  where  the  gravitation  suffers  no  change. 
The  greatest  diminution  of  the  Earth's  gravitation  to  the 
Sun  must  be  in  C,  when  Jupiter  is  nearest  to  the  Earth, 
in  the  time  of  his  opposition  to  the  Sun. 

We  also  see,  very  plainly,  how  all  these  disturbing  forces 
may  be  precisely  determined,  depending  on  the  proportion 
of  £  I  to  ES  and  to  S  I.  Nor  is  the  construction  restrict- 
ed to  circular  orbits.  Each  orbit  is  to  be  considered  in  its 
true  figure,  and  the  parallelogram  E  G  D  F  is  not  always 
a  rectangle,  but  has  the  side  £  F  lying  in  the  direction  of 
the  tangent.  But  we  believe  that  the  computation  is  found 
to  be  sufficiently  exact,  without  considering  the  parallelo- 
gram E  G  D  F  as  oblique.  The  eccentricity  of  Jupiter's 
orbit  must  not  be  neglected,  because  it  amounts  to  a  fourth 
part  of  the  Earth's  distance  from  the  Sun. 

We  have  taken  the  Sun's  gravitation  to  Jupiter  as  the 
scale  on  which  the  disturbing  forces  are  measured;  but 
tliis  was  for  the  greater  focihty  of  comparing  the  disturb- 
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hg  ftnes  with  each  other.  But  they  must  be  compared 
vhh  the  Earth^s  gravitation  to  the  Sun,  in  order  to  leam 
dieir  effect  on  her  motions.  It  will  be  exact  enough  for 
the  present  purpoBe,  of  merely  explaining  the  method,  to 
suppose  Jiipiter^s  mean  distance  five  times  the  Earth^s 
from  die  Sun,  and  that  the  quantity  of  matter  in  the  Sun 
is  1000  times  that  of  Jupiter.  Therefore  the  Earth*s  gra« 
Titition  to  the  Sun  must  be  25000  times  greater  than  to  Ju- 
piter, when  the  Earth  is  about  P  or  Q.  When  the  Earth 
isat  C,  her  gravitation  to  Jupiter  is  increased  in  the  pro- 
portion of  4*  to  5*,  and  it  is  now  j^l^js  of  her  gravitation 
to  the  Sun.  When  the  Earth  is  in  O,  her  gravitation  to 
Jupiter  18  ^^Ifiji  of  her  gravitation  to  the  Sun. 

But  we  are  not  to  ima^ne,  that  when  the  Earth  is  at 
C,  her  motion  relative  to  the  Sun  is  affected  in  the  same 
Mner  as  if  j^lx^j^  of  her  gravitation  were  taken  away. 
For  we  must  reodlect,  that  the  Sun  also  gravitates  to  Ju« 
filer,  or  is  deflected  toward  him,  and  therefore  toward  the 
£lrth  at  C.  The  diminution  of  the  relative  gravitation  of 
tbe Earth  is  not  to  be  measured  by  E  A,  but  by  EG.  All 
tbeifisturbing  forces,  EG  and  EF,  corresponding  to  every 
position  of  the  Earth  and  Jupiter,  must  be  considered  as 
fiictions  of  S  J,  the  measure  taken  for  the  mean  gravita- 
tioii  (o  Jupiter.  This  is  ^^  J,; q  of  the  Earth^s  gravitation 
to  the  Sun. 

Hessbring  in  thiis  way,  we  shall  find,  that  when  the 
Earth  is  at  P  or  Q,  her  gravitation  to  the  Sun  is  increased 
^riinjixs'  For  P  S  or  Q  S  will,  in  this  case,  come  in 
tke  place  of  EG  in  Fig.  C,  and  there  will  be  no  such  force 
•*EP.    At  C,  the  Earth^s  gravitation  is  diminished  n  Juf 

To  be  able  to  ascertain  the  magnitude  of  the  disturbing 
ftwe  in  the  different  situations  of  the  Earth,  b  but  a  very 
■*tB  part  of  the  task.  It  only  gives  us  the  momentary 
Mnpulrion.  We  must  ascertain  the  accumulated  effect  of 
^  actkm  during  a  certain  time,  or  along  a  certain  portion 


164  PHYSICAL  ASTRONOMY. 

of  the  orbit  of  the  disturbed  planet.  This  is  the  celebrate 
problem  qf  three  bodies^  as  it  is  called,  which  has  employe 
the  utmost  efforts  of  the  great  mathematicians  ever  sine 
the  time  that  it  first  appeared  in  Newton's  lunar  tlieor) 
It  can  only  be  solved  by  approximation ;  and  even  tlii 
solution,  except  in  some  very  particular  cases,  is  of  the  ut 
most  difficulty,  which  shews,  by  the  way,  the  folly  of  a 
who  pretend  to  explain  the  motions  of  the  planets  by  tli 
impulsions  of  fluids,  when  not  tliree,  but  millions  of  pai 
tides  are  acting  at  once. 

We  have  to  ascertain,  in  the  first  place,  the  accumu 
lated  effect  of  the  acceleration  and  retardation  of  the  angu 
lar  motion  of  the  Earth  round  the  Sun.  The  general  pre 
cess  is  one  of  the  two  following. 

\stj  Suppose  it  required  to  determine  liow  far  the  at 
traction  of  Jupiter  has  made  the  Earth  overpass  the  qua 
drantal  arch  Q  C  of  her  annual  orbit.  The  arch  is  su[ 
posed  to  be  unfolded  into  a  straight  line,  and  divided  int 
minute  portions,  described  in  equal  times.  At  each  poin 
of  division  is  erected  a  perpendicular  ordinate,  equal  to  th 
accelerating  disturbing  force  EF  corresponding  to  tha 
point.  A  curve  line  is  drawn  through  the  extremides  c 
tliose  ordinates.  The  unfolded  arch  being  considered  a 
the  representation  of  the  time,  and  the  ordinates  as  the  ac 
celerating  forces,  it  is  plain  that  the  area  will  represent  th 
acquired  velocity.  Now,  let  another  figure  be  constructed 
having  an  abscissa  to  represent  the  time  of  the  motion 
But  the  ordinates  must  now  be  made  proportional  to  th 
areas  of  tlie  last  figure.  It  is  plain,  from  a  former  article 
that  the  area  of  this  new  figure  will  represent,  or  b 
proportional  to  the  spaces  described,  in  consequence  of  th 
action  of  the  disturbing  force ;  and  therefore  it  will  eii 
press,  nearly,  the  addition  to  the  space  described  by  th 
undisturbed  planet,  or  the  diminution,  if  the  acceleration 
have  been  exceeded  by  the  retardations. 

The  other  method  is,  to  make  the  unfolded  arch  th 
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space  described,  and  the  ordinates  the  accelerations,  as  be- 
fore.  The  area  now  represents  the  augmentation  of  the 
square  of  the  velocity.  ^A  second  figure  is  now  con- 
structed, having  the  same  abscissa  now  representing  the  time. 
The  ordinates  are  made  proportional  to  the  square  roots  of 
the  areas  of  the  first  figure,  and  they  will  therefore  represent 
the  velocities.  The  areas  of  this  new  figure  will  represent 
the  spaces,  as  in  the  first  process,  to  be  added  to  the  arch 
described  by  the  undisturbed  planet,  or  subtracted  from  it. 

260.  All  this  being  a  task  of  the  utmost  labour  and  dif- 
ficulty, the  ingenuity  of  the  mathematicians  has  been  ex- 
ercised in  facilitating  the  process.  The  penetrating  eye  of 
Newton  perceived  a  path  which  seemed  to  lead  directly  to 
the  desired  point.  All  the  lines  which  represent  the  dis- 
tnrinng  forces  are  lines  connected  with  circular  arches,  and 
therefore  with  the  circular  motion  of  the  planet  The 
main  disturbing  force  E  D  is  a  function  of  the  angle  of 
commutation  C  S  E,  and  E  F  and  E  G  are  the  sine  and 
cosine  of  the  angle  D  E  G.  Newton,  in  his  lunar  theory, 
has  given  most  elegant  examples  of  the  summation  of  all 
the  successive  lines  E  F  that  are  drawn  to  every  point  of 
the  arch.  Sometimes  he  finds  the  sums  or  accumulated 
actions  of  the  forces  expressed  by  the  sine  of  an  arch ; 
somedmes  by  the  tangent ;  by  a  segment  of  the  circular 
area,  &c  &c.  &c.  Euler,  D'Alcmbert,  De  la  Grange, 
Simpson,  and  other  illustrious  cultivators  of  this  philoso- 
phy, have  immensely  improved  the  methods  pointed  out 
and  exemplified  by  Newton,  and,  by  more  convenient  re- 
presentations of  the  forces  than  this  elementary  view  will 
admit,  have  at  last  made  the  whole  process  tolerably  easy 
and  plidn.  But  it  is  still  only  fit  for  adepts  in  the  art  of 
symbolical  analysis.  Their  processes  arc  in  general  so  re- 
condite and  abstruse,  that  the  analyst  loses  all  conception, 
^ther  of  motions  or  of  forces,  and  his  mind  is  altogether 
occupied  with  the  symbols  of  mathematical  reasoning. 

261.  The  second  part  of  the  task,  the  ascertaining  the 
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accumulated  effect  of  the  force  E  6,  is,  in  general,  much 
more  difficult.  It  includes  both  the  changes  made  on  the 
radius  vector  S  E,  and  the  change  made  in  the  curvature 
of  the  orbit.  The  department  of  mathematical  science, 
immediately  subservient  to  this  purpose,  is  in  a  more  im- 
perfect state  than  the  quadrature  of  curves.  The  process 
is  carried  on  almost  entirely  by  means  c^  converging  se- 
rieses.  We  cannot  add  any  thing  here  that  tends  to  make 
it  plainer.  The  lunar  theory  of  Newton,  with  the  com- 
mentary of  Le  Seur  and  Jacquier,  commonly  called  the 
Jesuits*  CommefUary^  g^ves  very  good  examples  of  the  me^ 
thods  which  must  be  followed  in  this  process.  We  must 
refer  to  the'works  of  Euler,  Clairaut,  Simpson,  and  De  la 
Place,  on  the  perturbations  of  Jupiter  and  Saturn,  &c.  and 
content  ourselves  with  merely  pointing  out  some  of  the 
more  general  and  obvious  consequences  of  this  mutual  ac- 
tion of  the  planets.  La  Lande  has  given  in  his  astronomy 
a  very  good  synopsis  of  the  most  approved  method.  In 
the  Tracts,  Physical  and  Mathematical,  by  Dr  Matthew 
Stewart,  and  in  his  Essay  on  the  Distance  of  the  Sun,  are 
some  beautiful  specimens  of  the  geometrical  solutions  of 
these  problems. 

262.  When  we  consider  the  motion  of  an  inferior  pla- 
net, disturbed  by  its  gravitation  to  a  superior  planet,  we 
see  that  the  inferior  planet  is  retarded  in  the  quadrants 
C  P  and  O  Q,  and  accelerated  in  the  quadrants  P  O  and 
Q  C  of  its  synodical  period.  Its  orbit  is  more  incurvated 
in  the  vicinity  of  the  points  P  and  Q,  and  its  curvature  b 
diminished  in  the  vicinity  of  the  points  O  and  C,  and  most 
of  all  in  the  vicinity  of  C  in  the  line  of  c9njunction  with 
the  superior  planet  Therefore,  if  the  aphelion  and  peri-p 
helion  of  the  inferior  planet  should  chance  to  be  near  the 
line  J C SO  of  the  synodical  motion,  these  points  will  seem 
to  shift  forward.  For,  the  gravitation  of  the  inferior  pla- 
net to  the  Sun  being  diminished,  it  will  not  be  able  so  soon 
to  bend  its  path  to  a  right  angle  with  the  radius  vectcHr^ 
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Qo  the  other  hand,  should  the  apsides  of  the  inferior  orbit 

he  near  the  line  P  SQ,  the  increase  of  the  inferior  planefs 
gnritation  to  the  Sun  must  sooner  produce  this  effect,  and 
it  will  arrive  sooner  at  its  aphelion  or  perihelion,  or  those 
points  will  seem  to  come  westward  and  to  meet  it.  And 
thus,  in  every  sy  nodical  revolution,  the  apsides  of  the  inferior 
planet  will  twice  advance  and  twice  retreat,  as  if  the  ellip- 
tical orlnt  shifted  a  httle  to  the  eastward  or  westward*  But 
as  the  diniiDution  of  the  inferior  plancf  s  gravitation  to  the 
Sun  is  much  greater  when  it  is  in  the  hne  C  S  O  than  the 
aogmentation  of  it  when  in  the  hne  P  S  Q,  tlie  advances 
of  the  i^des,  in  the  course  of  a  sy  nodical  period,  will  ex- 
ceed the  retreats,  and,  on  the  whole,  they  will  advance. 

All  these  derangements,  or  deviations  from  the  simple 
elliptical  motion,  are  distinctly  observed  in  the  heavens ; 
and  the  calculated  effect  on  each  planet  corresponds  with 
vliat  is  observed,  with  all  the  precision  that  can  be  wished 
far.  It  is  evident  that  this  calculation  must  be  extremely 
oomphcatcd,  and  that  the  effect  depends  not  only  on  the 
neqtective  positions,  but  also  on  the  quantities  of  matter  of 
the  (Afferent  planets.  For  these  reasons,  as  Jupiter  and 
Saturn  arc  much  larger  than  any  of  the  other  planets, 
these  anomalies  are  chiefly  owing  to  these  two  planets.  The 
apsides  of  all  the  planets  are  observed  to  advance,  except 
Venus.  It  might  be  imagined,  that  the  vast  number  of 
coneta,  which  are  almost  constantly  without  the  orbits  of 
the  jrianets,  would  cause  a  general  advance  of  all  the  ap- 
adea.  But  these  bodies  are  so  far  off,  and  probably  con- 
tain so  little  matter,  that  their  action  is  insensible. 

263.  The  alternate  accelerations  and  retardations  of  the 
planets  Mercury,  Venus,  the  Earth,  and  Mars,  in  conse- 
quence of  their  mutual  gravitations,  and  their  gravitations 
td  Jupiter,  nearly  compensate  each  other  in  every  revolu- 
tion ;  and  no  effects  of  them  remain  after  a  long  tract  of 
tune,  except  an  advance  of  their  apsides.  But  there  are 
peculiaritjcs  in  the  orbits  of  Jupiter  and  Saturn,  which  oc- 


168  PHYSICAL  ASTROKOmr. 

casion  very  sensible  accumulations,  and  have  given  con« 
siderable  trouble  to  the  astronomers  in  discovering  their 
causes.  The  period  of  Saturn's  revolution  round  the  Sun 
increases  very  sensibly,  each  being  about  7  hours  longer 
than  the  preceding.  On  the  contrary,  the  period  of  Ju- 
piter is  observed  to  diminish  about  half  as  much,  that  is, 
about  1^  hours  in  each  revolution. 

This  is  owing  to  the  particular  portion  of  the  aphelions 
of  those  two  planets.  Let  ABPC  (Fig.  88.)  be  the  ellip- 
tical  orbit  of  Jupiter,  A  being  the  aphelion,  and  P  the  pe- 
rihelion. Suppose  the  orbit  abpc  of  Saturn  to  be  a  dr- 
cle,  having  the  Sun  S  in  the  centre,  and  let  Saturn  be 
supposed  to  be  in  a.  Then,  because  Jupiter  employs 
more  time  (about  140  days)  in  moving  from  A  to  C  than 
in  moving  from  C  to  P,  he  must  retard  the  motion  of  Sa- 
turn more  than  he  accelerates  lum,  and  Jupiter  must  be 
more  accelerated  by  Saturn  than  he  is  retarded.  The 
contrary  must  happen  if  Saturn  be  in  the  opposite  part  p 
of  his  orbit.  After  a  tract  of  some  revolutions,  all  mt^ 
be  compensated,  because  there  will  be  as  many  oppositions 
of  Saturn  to  the  Sun  on  one  side  of  the  transverse  diame- 
ter of  Jupiter's  orbit  as  on  the  other. 

But  if  the  orbit  of  Saturn  be  an  ellipse,  as  in  Fig.  S89 
B,  and  if  the  aphelion  a  be  90  degrees  more  advanced  in 
the  order  of  the  »gns  than  the  aphelion  A  of  Jupiter,  it  is 
plain  that  there  will  be  more  oppositions  of  Saturn  while 
Jupiter  is  moving  over  the  semiellipse  A  C  P,  than  while 
he  moves  over  the  semiellipse  P  B  A,  for  Saturn  is  about 
400  days  longer  in  the  portion  bac  of  his  orbit ;  and  there- 
fore Saturn  will,  on  the  whole,  be  retarded,  and  Jupiter 
accelerated. 

Now,  it  is  a  fact,  that  the  aphelion  of  Saturn  is  70  de- 
grees more  advanced  on  the  ecliptic  than  that  of  Jupiter. 
Therefore  these  changes  must  happen,  and  the  retarda- 
tions of  Saturn  must  exceed  the  accelerations.  They  do 
so,  nearly  in  the  proportion  of  35$  to  359*     This  excess 
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viD  ooDdnue  for  about  8000  years^  when  the  angle  A  S  p 
viD  be  90  d^rees  complete.  It  will  then  be^  to  de- 
cme,  and  will  continue  decreasing  for  16000  years,  after 
wUch  Saturn  will  be  accelerated,  and  Jupiter  will  be  re- 
tsded.  The  present  retardation  of  Saturn  is  about  8% 
oraday'sinotiony  in  a  century,  and  the  concomitant  acce- 
kndon  of  Jupiter  is  about  half  as  much.  (See  Mem. 
Acad.  Par.  1746.) 

H.  de  la  Place  has  happily  succeeded  in  accounting  for 
several  bregularities  in  this  gradual  change  of  the  mean 
modoDs  of  these  two  planets,  which  had  considerably  per- 
plexed the  astronomers  in  their  attempts  to  ascertain  their 
periods  and  their  maximum  by  mere  observation.  These 
vere  aooompanied  by  an  evident  change  in  the  elliptical 
eqoitions  of  the  orbit,  indicating  a  change  of  eccentricity. 
X.  de  la  Place  has  shewn,  that  all  are  precise  consequences 
of  mnvorsal  gravitation,  and  depend  on  the  near  equality 
of  five  times  the  angular  motion  of  Saturn  to  twice  that  of 
Jupiter,  while  tlie  deviation  from  perfect  equality  of  those 
two  motions  introduces  a  variation  in  these  irregularities, 
whkh  has  a  very  long  period  (about  877  years).  He  has 
<t  last  given  an  equation,  which  expresses  the  motions  with 
neh  aociuracy,  that  the  calculated  place  agrees  with  the 
Biodeni  observations,  and  with  the  most  ancient,  without 
tt  error  exceeding  2'.     (See  Mem.  Acad.  Par.  1785.) 

S64.  In  consequence  of  the  mutual  gravitation  of  the 
phiiets,  the  node  of  the  disturbed  planet  retreats  on  the 
edit  of  the  disturbing  planet  Thus,  let  E  E  (Fig.  29.) 
be  the  plane  of  the  disturbing  planefs  orbit,  and  let  AB 
be  the  path  of  the  other  planet,  approaching  to  the  node  N. 
Ai  the  disturbing  planet  is  somewhere  in  the  plane  E  K, 
its  attraction  for  A  tends  to  make  A  approach  that  plane. 
We  may  suppose  the  oblique  attraction  resolved  into  two 
fiwces,  one  of  which  is  parallel  to  E  E,  and  the  other  per- 
pendicular to  it  Let  this  last  be  such  that,  in  the  time  that 
^  pbmet  A,  if  not  disturbed,  would  move  from  A  to  B^ 
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the  perpendicular  force  would  cause  it  to  describe  the  8 
space  A  C.  By  the  combined  action  of  this  force  A  C 
the  motkm  A  B,  the  planet  describes  the  diagcxial  i 
and  crosses  the  plane  £E  in  the  point  n.  Thus  the  i 
has  shifted  firom  N  to  n,  in  a  direction  contrary  to  thi 
the  planet's  motion.  The  planet  now  proceeds  in  the 
fio,  getting  to  the  other  side  of  the  plane  £  K.  Th 
traction  of  the  disturbing  planet  now  becomes  oblique  a 
to  the  plane,  and  is  partly  employed  in  drawing  A  (no 
a)  toward  the  plane.  Let  this  part  of  the  attractioi 
again  represented  by  a  small  space  a  c.  This,  oompoux 
with  the  progressive  motion  abf  produces  *a  motion  in 
diagonal  a  i2,  as  if  the  planet  had  come,  not  from  n, 
from  N',  a  point  still  more  to  the  westward.  The  i 
seems  again  to  have  shifted  in  anUcedeniid  signw 
And  thus  it  appears  that,  both  in  approaching  the  n 
and  in  quitting  the  node,  the  node  itself  shifts  its  plaoi 
a  directbn  contrary  to  that  of  the  motion  of  the  distuj 
planet 

It  is  farther  observable,  that  the  inclination  of  the 
turbed  orbit  increases  while  the  planet  approaches  the  d 
and  diminishes  during  the  subsequent  recess  from  it.  ' 
original  inclination  A  N  £  becomes  A  n  £,  which  isgre 
than  ANK  The  angle  AnE  or  a»K  is  afterwi 
changed  into  aN'E,  which  is  less  than  a  n  K. 

In  this  manner  we  perceive  that  when  a  planet,  hai 
crossed  the  ediptic,  proceeds  on  the  other  ude  of  it,  the  i 
recedes,  that  is,  the  planet  moves  as  if  it  had  come  fro 
node  situated  farther  west  on  the  ecliptic;  and  all 
while,  the  inclination  of  the  orbit  to  the  ecliptic  is  dimin 
ing.  When  the  planet  has  got  90*^  eastward  from 
node  which  it  quitted,  it  is  at  the  greatest  distance  from 
ecUptic,  and,  in  its  farther  progress,  it  approaches  the 
posite  node.  Its  path  now  bends  more  and  more  torn 
the  ecliptic,  and  the  inclination  of  its  cnrbit  to  the  ed|j 
increases,  and  it  crosses  the  ecl^>tic  agiun,  in  a  point  \ 


CHAMOfi  OF  THE  ECLIPTIC.  171 

mioMj  to  the  westirard  of  the  point  where  it  crossed  it 

UtSOBtCm 

The  ooDsequenoejof  this  modification  of  the  mutual  action 
of  the  planets  is,  that  the  nodes  of  all  their  orlnts  in  the 
ecliptic  recede  on  the  ecliptic,  except  the  node  of  Jupiter^s 
oriMt  J  J  (Fig.  30.),  which  advances  on  the  ecliptic  £  K, 
bjr  retreating  on  the  orbit  S  S  of  Saturn,  from  which  Ju- 
piter suffers  the  greatest  disturbance.* 

265.' We  have  hitherto  considered  the  ecliptic  as  a  perma- 
nent circle  of  the  heavens.  But  it  now  iqppears  that  the  Earth 
must  be  attracted  out  of  that  plane  by  the  other  planets. 
As  we  refer  every  phenomenon  to  the  ecliptic  by  its  lati- 
tude and  longitude  in  relation  to  the  apparent  path  of  the 
Sun,  it  is  pkun  that  this  deviation  of  the  Sun  from  a  fixed 
plane,  must  change  the  latitude  of  all  the  stars.  The  change 
ii  so  very  small,  however,  that  it  never  would  have  been 
perceived,  had  it  not  been  pointed  out  to  the  astronomers 
hj  Newton,  as  necessarily  following  from  the  universal  gra^ 
vitation  of  matter.  The  ecliptic  (or  rather  the  Sun's  path) 
has  a  small  irregular  moticm  round  two  points  situated 
^ut  7i  degrees  westward  from  our  equinoctial  pcunts. 

966m  The  comets  appear  to  be  very  greaUy  deranged  in 
their  motions  by  their  gravitation  to  the  planets.     The 


*  As  Uiii  motion  of  the  nodes,  and  that  of  the  apeides  formerly 
nientkmedj  become  sensible  by  continual  accumulation^  and  as  they 
•re  equally  susceptible  of  accurate  measure  and  comparison  as  the 
greater  gravitations  which  retain  the  revohing  bodies  in  their  orbits, 
Mr  Iffsfhin,  professor  of  astronomy  at  Gresham  College,  proposed 
then  as  the  fittest  phenomena  fiv  infbmung  us  of  the  distance  of  the 
Sun.  Dr  Matthew  Stewart  made  a  trial  of  this  method,  employing 
ddefly  the  motion  of  the  lunar  apogee,  and  has  deduced  a  much 
greater  distance  than  what  can  be  fairly  deduced  from  the  transit  of 
Vcirat.  Notwithstanding  some  oversights  in  the  summations  there 
gifCD  of  the  disturbing  forces,  the  conclusion  seems  unexceptionable, 
nd  the  Son's  dittsnce  is,  in  all  probability,  not  less  than  110  or  US 
BuDionsof  mil^i. 

6 
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Halleyan  comet  has  been  repeatedly  so  disturbed  by  passm* 
near  to  Jupiter,  that  its  periods  were  very  considerably  al 
tered  by  this  acUon.    A  comet,  observed  in  1770  by  Lexci 
Prosperin,  and  other  accurate  astronomers,  has  been  s 
much  deranged  in  its  motions,  that  its  orbit  has  been  totall; 
changed.     Its  mean  distance,  period,  and  perihelion  dis 
tance,  calculated  from  good  observations,  which  had  beei 
continued  during  three  months,  agreed  with  all  the  obser 
vations  within  1'  of  a  degree.     In  its  aphelion,  it  is  a  smal 
matter  more  remote  than  Jupiter,  and  must  have  been  s< 
near  him  in  1767  (about  ^^  of  its  distance  from  the  Sun] 
that  its  gravitation  to  Jupiter  must  have  been  thrice  a 
great  as  that  to  the  Sun.     Moreover,  in  its  revolution  fol 
lowing  this  appearance  in   1770,  namely,  on  the  23d  o 
August  1777,  it  must  have  come  vastly  nearer  to  Jupiter 
and  its  gravitation  to  Jupiter  must  have  exceeded  its  gra 
vitation  to  the  Sun  more  than  200  times.     No  wonder  thei 
that  it  has  been  diverted  into  quite  a  different  path,  and  thai 
astronomers  cannot  tell  what  is  become  of  it.    And  tliis,  b} 
the  way,  suggests  some  singular  and  momentous  reflections. 
The  number  of  the  comets  is  certainly  great,  and  thdi 
courses  are  unknown.     They  may  frequently  come  ncai 
the  planets.     The  comet  of  1764  has  one  of  its  nodes  very 
close  to  the  Earth'^s  orbit,  and  it  is  very  possible  that  the 
Earth  and  it  may  chance  to  be  in  that  part  of  their  respec- 
tive orbits  at  the  same  time.     The  effect  of  such  vicinity 
must  be  very  remarkable,  probably  producing  such  tides  afi 
would  destroy  most  of  the  habitable  surface.     But,  as  its 
continuance  in  that  great  proximity  must  be  very  momen- 
tary, by  reason  of  its  great  velocity,  the  effect  may  not  be 
so  great.     When  the  comet  of  1770  was  so  near  to  Jupi- 
ter, it  was  in  aplielio^  moving  slowly,  and  therefore  may 
Iiave  continued  some  considerable  time  there.     Yet  it  does 
not  appear  that  it  produced  any  derangement  in  the  motion 
of  his  satellites.     We  must  therefore  conclude,  that  dther 
tile  comet  did  not  continue  in  the  path  that  was  supposed, 
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or  that  it  oontained  only  a  very  small  quantity  of  matter, 
bong  perhaps  little  more  than  a  dense  vapour.  Many  cir- 
cunutanoes  in  the  appearance  of  comets  countenance,  this 
opinion  of  their  nature.  As  they  retire  to. very  great  dis- 
tmees  from  the  Sun,  and  in  that  remote  situation  move  very 
slowly,  they  may  greatly  disturb  each  other's  motion.  It 
is  therefore  a  reasonable  conjecture  of  Sir  Isaac  Newton, 
that  the  comet  of  1680,  at  its  next  approach  to  the  Sun, 
may  really  fall  into  him  altogether. 

Ofilie  Lunar  Ineqtuilities, 

267.  Of  all  the  heavenly  bodies,  the  Moon  has  attracted 
the  greatest  notice,  and  her  motions  have  been  the  most 
lenipiilously  examined :  and  it  may  be  added,  that  of  them 
ill  die  has  been  the  most  refractory.  It  is  but  within  these 
fev  years  past  tliat  we  have  been  able  to  ascertain  her  mo- 
tuns  with  the  precision  attained  in  the  cases  of  the  other 
phnets.  Not  that  her  apparent  path  is  contorted,  like  those 
of  Mercury  and  Venus,  running  into  loops  and  knots,  but 
beauifle  the  orbit  is  continually  shifting  its  place  and  chang- 
ing its  form ;  and  her  real  motions  in  it  are  accelerated, 
i^rtarded,  and  deflected,  in  a  great  variety  of  ways.  While 
the  ascertaining  the  place  of  Jupiter  or  Saturn  requires  the 
CBqdoyment  of  five  or  six  equations,  the  Moon  requires  at 
lent  forty  to  attain  die  same  exactness.  The  corrections 
introduced  by  those  equations  are  so  various,  both  in  their 
nagmtude  and  in  their  periods,  and  have,  of  consequence,* 
heen  so  blended  and  complicated  together,  that  it  surpassed 
the  power  of  observation  to  discover  the  greatest  part  of 
them,  because  we  did  not  know  the  occasions  which  made 
them  necessary,  or  the  physical  connexion  which  they  had 
vith  the  aspects  of  the  other  bodies  of  the  solar  system. 
Only  Budi  as  arose  to  a  conspicuous  magnitude,  and  had  an 
^ent  relation  to  the  situation  of  the  Sun,  were  fished  out 

frwn  among  the  rest. 
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5S68.  From  all  this  complication  and  embarnuwrneiit  the 
diflcoyeiy  of  universal  gravitation  has  freed  us.  We  faacvc 
only  to  follow  this  into  its  consequences,  as  modified  hy  the 
particular  situation  of  the  Moon,  and  we  get  an  equatioa, 
which  must  be  made,  in  order  to  determine  a  deviation  from 
simple  elliptical  motion  that  must  result  from  the  action  of 
the  Sun.  This  alone,  followed  regularly  into  all  its  conae- 
qnenees,  ^ves  all  the  greet  equations  which  the  sagacity  of 
observers  had  discovered,  and  a  multitude  of  other  correc* 
tions,  which  no  sagacity  could  ever  have  detected. 

Discimus  hinc  tandem  quft  caosft  aigentea  Phoebe 
Pasaibiu  haud  tequis  eat,  cur  subdita  nulli 
Hafiteaus  afitronomo,  numeronmi  frsena  recusat 
Obvia  oonspicimus^  nubem  pollente  mathesi. 

We  have  seen  that  since  the  Moon  accompames  the 
Earth  in  its  revolution  round  the  Sun,  we  must  oondude 
that  she  is  under  the  influence  of  that  force  which  defleete 
the  Earth  into  that  revolution.  If,  in  every  instant,  the 
Moon  were  impelled  by  precisely  the  same  force  which  then 
impels  the  Earth,  and  if  this  force  were  also  in  the  same  di- 
rection, the  Moon^s  motion  relative  to  the  Earth  would  not 
sustain  any  change.  She  would  describe  an  accurate 
ellipse  having  the  Earth  in  the  focus,  and  would  descrfte 
areas  proportional  to  the  times.  But  neither  of  these  con* 
ditions  are  agreeable  to  the  real  state  of  things.  The  Moon 
is  sometimes  nearer  to  the  Sun,  and  sometimes  more  remote 
from  him  than  the  Earth  is,  and  is  therefore  more  or  less 
attracted  by  him ;  and  though  tiie  distances  of  both  fnNB 
the  Sun  are  sometimes  equal  (as  when  the  Moon  is  in  qam^ 
drature)  the  direction  of  her  gravitation  to  the  Sun  is  then 
conaderably  cMerent  from  that  of  the  Earth's  gravitation 
to  him. 

These  circumstances  change  considerably  all  her  motiona 
relative  to  the  £arth<-  But,  since  the  planetary  foroe  fol- 
lows the  predse  inverse  duplicate  ratio  of  the  distances,  we 
can  tell  what  its  intensity  is  in  every  pontion  of  the  Moon, 
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it  acta,  and  what  deviatxui  it  will  prodooe 
biing  «Dj  interral  of  time.  We  may  proceed  in  the  fol- 
Vwing  nuuioer. 

se».  Let  S  (Fig.  SI. )  represent  the  Sun,  E  the  Earth, 
wraigiiithearch  AEB.  Let  the  Moon  be  wi^Kwed  to 
dtMriberound  thcEarththearcleCBO  A.  JoinESaitd 
M  a,  and  let  S  M  cut  the  Earth's  orbit  in  N.  Lastlj^  Let 
fiS  be  taken  as.  the  measure  of  the  Earth's  gravitation  to 
die  Sun,  and  as  the  scale  on  which  we  estimate  the  disturb* 
ag  forces. 

To  kart  the  magnitude  and  direction  of  the  force  which 
idubs  the  Moon's  motion  when  she  is  in  any  point  M  of 
hscrlit,  gnvitating  to  the  Sun  in  the  direction  M  S,  we 
BD«  nntitute  the  following  analogy  M  S' :  E  S*  =  £  3  s  MO. 
Hen  it  is  evident  that  if  the  Moon's  gravitation  to  the  Sun 
k  KpRMDted  by  E  S  when  she  is  in  the  points  A  or  B, 
apally  distant  with  the  Earth,  M  G  will  rqiresent  her 
g^aritaticn  to  the  Sim  when  she  is  in  M  ;  for  it  is  to  E  S 
ii  tbe  inverse  duplicate  ratio  of  the  distances  from  him. 

Now  ihia  fane  H  Gr,  being  neither  equal  to  E  S,  nor  in 
the  Nine  direction,  must  change  or  disturb  the  Moon's  mo- 
boo  irialiTe  to  the  Earth.  We  mi^  suppose  M  6to  result 
fim  tba  combined  action  of  two  forces  M  F  and  M  H 
'  (dm  is,  M  G  may  be  the  diagonal  of  a  parallelogram 
If  FG  H),  of  which  one,  M  F,  is  paraUel  and  equal  to  E  S. 
W«e  the  Earth  and  Moon  urged  by  the  forces  E  S  and 
Iff  aaty,  tbdr  relative  motions  would  not  be  affected. 
Thmfoie  M  H  alone  disturbs  this  relative  motion,  and  may 
ht  tsken  foa  its  indication  and  measure. 

TW  Astorfauig  force  may  be  otherwise  represented  by 

wying  the  conditions  on  which  the  parallelogram  MFGH 

ii  fanned.     It  may  be  formed  on  the  suppo^tion  that  one- 

ade  of  the  parallelf^nuD  shall  have  the  direction  M  E. 

I     And  this  is  perhaps  the  best  way  of  resolving  M  O  for  the 

{     pcpoaes  of  calculation,    and  accordingly  has  been  ntost 

I     gMKally  employed  by  the  great  geometers  who  have  cul- 
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tivated  this  theory.  But  the  method  followed  in  this  out- 
line was  thought  more  elementary  and  most  illustratiYe  of 
the  effects. 

The  magnitude  and  direction  of  this  disturbmg  force  de- 
pends on  the  form  of  the  parallelogram  MF6H  and  ooo- 
sequently  on  the  proportion  of  M  F  and  M  G,  and  on  their 
relative  positions.  We  may  obtmn  an  easy  expression  of 
the  force  M  H  by  the  consideration  that  the  rate  of  increMe 
of  M  S*  is  double  of  the  rate  of  increase  of  M  S.  When  a 
line  increases  by  a  very  small  addition,  the  ratio  of  the  in- 
crement of  the  line  to  the  line  is  but  the  half  of  that  o£  the 
square  to  the  square.  Thus,  let  the  line  M  S  be  supposed 
100,  and  E  S  101 ,  differing  by  one  part  in  a  hundred.  We 
have  M  S*  =  10000,  and  E  S*  =  10201,  differing  by  veiy 
nearly  two  parts  in  a  hundred ;  the  error  of  this  suppo^ 
tion  being  only  one  part  in  ten  thousand.  Suppose  M  S 
=  1000,  and  ES  =  1001,  differing  by  one  part  in  a 
thousand.  Then  M  S*  =  1000000,  and  E  S  =  1002001, 
differing  from  M  S  by  two  parts  in  a  thousand  very  nearly^ 
the  error  of  the  supposition  being  only  one  part  in  a  milUoD, 
&c.  &c. 

Now  the  greatest  difference  that  can  occur  between  £  S 
and  M  S  is  at  new  and  full  Moon,  when  the  Moon  is  in  C 
or  O.  In  this  caseE  C  is  nearly  the  S90th  part  of  E  S,  and 
we  have  E  S*  :  O  S*  =  890  :  391',  or  =  390 :  392,026; 
and  therefore,  in  supposing  E  S  to  O  S""  as  890  to  392,  we 
c(»nmit  an  error  of  no  more  than  ^'^  of  5  Jg,  that  is  T7ivii> 
viz.  less  than  one  part  in  fifteen  thousand,  in  the  most  un- 
favourable circumstances.  Therefore  the  difference  between 
N  S  (or  E  S)  and  M  G  may  be  supposed  equal  to  M  D, 
without  any  sensible  error,  that  is,  to  the  double  of  N  M, 
the  difference  of  N  S  and  M  S.  Therefore  M  G  —  N  8 
=  2  M  N  very  nearly,  and  M  G  —  M  S,  that  is,  S  6  = 
3  M  N  very  nearly.  We  may  also  take  MI  for  M  H 
without  any  sensible  error,  and  may  suppose  E  I  =  8  M  N. 
For  the  lines  M  F,  I P,  H  G,  being  equal  and  parallel,  and 
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}  P  noriy  ooindding  with  S  6,  rrom  wluch  it  ncrer  de- 

liata  more  thm  9',  K I  will  nearly  coindde  with  E  H,  = 

S6,  =  3MN  nearly. 
X7U.  These  considerations  will  give  us  a  very  mmple 

aaimer  of  icprctenting  and  measuring  the  disturbing  Torce 
k  erciy  position  of  the  Moon,  which  will  have  no  error ' 
ihit  can  be  of  any  rignificanoe.  Moreover,  any  error  that 
iiheres  in  it,  is  oompletdy  compensated  by  an  equal  error, 
ttm  of^xmte  kind,  in  another  pwnt  of  the  orbit  There- 
tn, 

Lrt  us  suppose  that  the  porticm  of  the  Earth's  path 
fsond  the  Sun  sensibly  coincides  with  the  straight  line  A  B 
(Fig.  SS.)  peipendicular  to  the  line  O  C  S,  pasang  through 
the  Sun,  and  called  the  line  of  the  stzigies,  as  A  B  is 
oBed  the  line  of  the  quadxathkes.  Let  M  D  cross  A  B 
tftigfat  angles,  and  produce  it  to  H,  so  that  MP  =3MN- 
JdiftE,  and  draw  MI  parallel  to  it.  MI  will,  in  all 
mn,  have  the  position  and  magnitude  corresponding  to  the 
iftiting  fbcce. 

Oi,  more  mmply,  make  E I  =  3  M  N,  taking  the  jxant 
I « the  same  side  of  A  B  with  M,  and  draw  MI.  MI 
« the  fstarbing  force. 

tjl.  This  force  M I  may  be  resolved  into  two,  viz.  ML, 
Itnog  the  direction  of  the  Moon's  motion,  and  M  K  pcr- 
po^cular  to  her  motion,  that  is,  M  K  lying  in  the  direction 
rflbe  radiiu  vector  M  £,  and  M  L  having  ihc  directitwi  of 
the  tangent  The  force  M  L  iiifects  the  Moon's  ungular 
■ition  round  the  Earth,  cither  accelerating  or  retarding  it, 
rinie  the  force  M  K  ndier  augments  or  diminislies  her  gro- 
ntHkn  to  the  Earth. 

Hie  disturbing  force  M I  may  also  be  resolved  into 
1IR'=SM  N,  and  R'  I,  or  M  E  ;  that  is,  into  a  force 

rfmjs  proportionBl  to  M  N,  and  in  that  direction,  and  ano- 

ikr  finte  in  the  direction  of  the  Moon's  gravitation  to  the 

£iith.     This  is  useful  on  another  occaiuon. 
SItL  When  the  Moon  b  in  cjuodraturc,  the  ]>oiiit  I  coiii- 
VoL.  III.  M 
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odes  with  E,  because  there  is  no  M  N.  In  thiscaie^  tbce. 
fore,  the  force  M  L  does  not  exist,  and  M  K  coincides  witli 
M  £.  The  disturbing  force  M I  is  now  wholly  emplojed 
in  augmenting  the  Moon'*s  gravitatioQ  to  the  Earth.  The 
gravitations  of  the  Earth  and  Moon  to  the  Sun  are  equal, 
but  not  parallel.  If  E  S  expresses  the  nuignitude  of  the 
Moon's  gravitation  to  the  Sun,  then  M  E  will  express  (oft 
the  same  scale)  the  augmentation  in  quadratures  of  the 
Moon's  gravitation  to  the  Earth,  occasioned  by  the  obli* 
quity  of  the  Sun's  action.  It  is  convenient  to  take  thisquar 
drature  augment  of  the  Moon's  gravitation  to  the  Earth  as 
the  unit  of  the  scale  on  which  all  the  disturbing  forces  are 
measured,  and  to  calculate  what  fraction  of  her  whole  gra- 
vitation it  amounts  to. 

273.  Let  G  express  the  Moon's  gravitation  to  the  Sun, 
g  her  gravitation  to  the  Earth,  and  g^  the  mcrease  of  this 
gravitation.  Also  let^  and  m  be  the  length  of  a  sydereal 
year  and  of  a  sydereal  month.  In  order  to  learn  in  what 
proportion  the  Moon's  gravitation  to  the  Earth  is  affected 
by  the  disturbing  force,  it  will  be  convenient  to  know  what 
proportion  its  increment  in  quadrature  has  to  the  whole 
gravitation.  We  may  therefore  institute  the  foUavnug  pro- 
portions. 

^  D    d      ES    EB 

^':G=  EB:ES.    Therefore 

ESxJEB     EBxES  ,     ^ 


.  ES     EB       390  1  „,^„„      ,  , 

Thus  we  see  that  the  Moon's  gravitotion  to  the  Sun  is  more  than 
twice  her  gravitation  to  the  Earth.  The  consequence  of  this  i^  that 
even  when  the  Moon  is  in  conjunction ,  at  new  Moon,  between  the 
Earth  and  the  Sun^  her  path  in  absolute  space  is  concave  toward  the 
Sun^  and  convex  toward  the  Earth.    Even  there  she  is  deflected,  not 
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The  Mood's  meen  gravita^n  to  the  Earth  is  therefore 
to  ki  ineremeot  in  the  quadratures  by  the  actioo  of  the  Sun, 
■tbe  duplicate  ratio  of  the  Earth's  period  round  the  Sub 
la  the  lunar  period  round  the  Earth.  This  is  very  nearly 
kthe  proportion  of  179  to  1.  Her  gmntation  is  increaaed, 
lAtt  in  quadrature,  about  t},.  This  will  ^^iTnmi■h  the 
And  of  currature  and  iacrease  the  curvature  in  the  same 


tli.  In  ocder  to  see  what  change  it  sustains  in  any  other 

failian  of  the  Moon,  such  as  M,  join  E  D,  and  draw  D  Q 

;  fpfndiffiilar  to  E  M.     It  is  plain  that  D  Q  is  the  sine  of 

iAnB^DGQ,  which  is  twice  the  angle  OEQ  orCEM, 

i^  tmce  the  Moon's  distance  from  the  nearest  syzigy. 

4Bii  the  oonne  of  the  same  angle.     The  triangles  MDQ 

alBIEareBinikr.    £1  is  equal  to  1  j  MD.    There. 

|toEE=liMQ,  =  lj  ME +  HEQ,  using  the  ngn 

(ikn  D  £  m  u  less  than  90%  or  C  £  M  is  less  than  45^, 

tt  ngn  —  when  C  £  M  is  greater  than  iS\    There- 

KK^^ME  +  liEQ.     Therefore,  if  ^ME  be 

I  to  M£Q.  that  is,  if  MEbe  =  3£Q,  M  K  b  re. 


i  ike  Vmrih,  bat  towtrd  the  Snn.    Thii  ii  »  verjr  curioiii,  and 

■^  pandoKLcil  uMTtion.    Bnt  nothing  ia  better  eBbiblishei]. 

ii  ftMiag  die  Moon'i  motion  in  absolate  apace  is  the  completest  de> 

tf  it.    It  i*  not  a  looped  enrre,  as  one,  at  fint  thinking, 

but  a  line  ibnya  concare  toward  the  Snn.    Indeed 

■peon  be  more  unlike  than  the  real  motions  of  the 

■•toiriMl.we  fint  im^iine  them  to  be.    At  new  Moon,  ibe 

la  be  marring  to  the  left,  and  we  see  bet  gradiull]'  passing  the 

a  to  the  right ;  and  calculating  from  the  distance 

Its  ■»<t  ^  angular  motion,  about  half  a  d^ree  in  an  hour, 

iqr  that  ihe  ii  moving  to  the  left  at  the  rale  of  38  miles  in 

Bh  Aa  Act  la,  that  the  is  then  moring  to  the  right  at 

if  lIOOMikiin  aminnle.  But  as  the  Earth,  tirora  whence  we 

hvoriiwat  the  rate  of  1140  milea  in  a  minute,  the  Moon 
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dueed  to  nothing,  or  the  force  M  I  is  then  perpendicular 
the  radius  vector,  cmt  is  a  tangent  to  the  drde.  The  an] 
C  £  M,  or  the  arch  C  M,  has  then  its  secant  E  I  equal 
thrice  its  coAne  M  N.  This  arch  is  54^  44'.  There ; 
therefore  four  points  in  the  circular  orbit  distant  54^  * 
ftom  the  line  of  the  syzigies,  where  the  Moon^s  gravitati 
to  the  Earth  is  not  affected  by  the  action  of  the  Sun. 
the  arch  C  M  exceed  this,  the  point  K  will  lie  within- 1 
orbit,  as  in  Fig.  33.  indicating  an  augmentation  of  t 
Moon's  gravitation  to  the  Earth. 

At  B,  l^EQ  =:  l^EM,  and  therefore  Ij  E  Q -^E; 
s=  E  M,  as  before. 

275.  At  O  and  at  C,  l^EQ  +  ^E  M  =  2EM.  The 
fore,  in  the  syzigies,  the  diminution  of  the  Moon's  gravi 
tion  to  the  Earth  is  double  of  the  augmentation  of  it 

quadratures,  or  it  b  r^  of  her  gravitation  to  the  Earth. 

276.  With  respect  to  the  force  ML,  it  is  evidently 
1^  D  Q  or  li  of  the  sine  of  twice  the  Moon's  distance  fin 
opposition  or  conjunction.  It  augments  from  the  syn 
to  the  octant,  where  it  is  a  maximum,  and  from  thenoc 
diminishes  to  nothing  in  the  quadrature.  In  its  mi«imi 
state,  it  is  about  jj^^  of  the  Moon's  gravitation  to  the  Ear 

277.  It  appears,  by  constructing  the  figure  for  the  diflfen 
positions  of  the  Moon  i(x  the  course  of  a  lunation,  that  tl 
forc^  M  L  retards  the  Moon's  motion  round  the  Earth 
the  first  and  third  quarters  C  A  and  O  B,  but  accelera 
her  motion  in  the  second  and  last  quarters  A  0  and  B 
Thus,  in  Pig.  3£,  M  L  leads  from  M  in  a  direction  op| 
ate  to  that  of  the  Moon's  motion  eastward  from  her  a 
junction  at  C  to  her  first  quadrature  in  A.  In  Fig.  J 
M  L  lies  in  the  direction  of  her  motion ;  and  it  is  pli 
that  M  L  will  be  amilarly  ^tuated  in  the  quadrants  C 
and  O  B,  as  also  in  the  quadrants  A  O  and  B  C. 

All  these  disturbing  forces  depend  on  the  proportion 
£  B  to  £  S.     Therefore,  while  £  S  remains  the  same,  t 
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dtftmiuig  forote  will  change  in  the  same  proportion  mih 
At  Moon's  distance  from  the  Earth. 

278.  But  let  us  suppose  that  E  S  changes  in  the  course 
of  the  Earth's  motion  in  her  elliptical  orUt  Then>  did  the 
Son  oontiiiue  to  act  with  the  same  force  as  before^  stiU  the 
fEituxlnng  fix€e  would  change  in  the  proportion  of  E  S^ 
becoming  smaller  as  ES  becomes  greater,  because  the 
proportion  of  E  B  to  £  S  becomes  smaller.  But,  when  E  S 
increases,  the  gravitation  to  the  Sun  diminishes  in  the  du«» 
plicate  ratio  of  E  S.  Therefore  the  disturbing  force  varies 
in  the  inverse  proportion  of  E  S^,  and,  in  general,  b  == 

£B 

^-^    Therefore,  as  the  Earth  is  nearer  to  the  Sun  about 

^  in  January  than  in  July,  it  follows  that  in  January  all 
the  (fisturfaiog  ibroes  will  be  nearly  ^  greater  than  in 
Joly. 

What  has  now  been  s^d  must  suffice  for  an  account  of 
the  tarcBB  which  disturb  the  Moon^s  motion  in  the  different 
pDts  of  a  drcular  orbit  round  the  Earth.  The  same  forces 
•perate  on  the  Moon  revolving  in  her  true  elliptical  orbit, 
but  varying  with  the  Moon'^s  distance  from  the  Earth* 
They  operate  in  the  same  manner,  producing,  not  the  same 
ttodoDs,  but  the  same  changes  of  motion. 

879.  It  would  seem  now  that  it  is  not  a  very  difficult 
■atter  to  compute  the  motion  and  the  place  of  the  Moon 
Sir  any  particular  moment.  But  it  is  one  of  the  most  dif« 
Scnlt  problems  that  have  employed  the  talents  of  the  first 
Bitbanatidans  of  Europe.  Sir  Isaac  Newton  has  treated 
tUs  subject  with  his  usual  superiority,  in  his  Prindples  of 
Nitund  Philosophy,  and  in  the  separate  Essay  on  the 
Lonar  Theory.  But  he  only  began  the  subject,  and  con*- 
tented  himself  with  marking  the  principal  topics  of  investi" 
gttion,  pointing  out  the  roads  that  were  to  be  held  in  each, 
ttd  famishing  us  with  the  mathematics  and  the  methods 
which  were  to  be  followed.  In  all  these  particulars,  great 
impmvcments  have  been  made  by  Euler,  D'AIeml>crt, 
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if 

Clairaut,  and  Mayer  of  Gottingen.  Thb  kit 
by  a  most  sagacious  examination  and  compariaon  of  dM 
dioto  furnished  by  observation,  and  a  judicious  emplojaMif 
of  the  physical  principles  of  Sir  Isaac  Newtim,  has 
structed  equations  so  exactly  fitted  to  the  Tarioua 
stances  of  the  case,  that  he  has  made  bis  lunar  tabkaeoa. 
respond  with  observation,  both  the  most  andent  and  ths 
most  recent,  to  a  d^ree  of  exactness  that  is  not  esraaacU 
in  any  tables  of  the  primary  planets,  and  fior  aurpaasnigaay 
other  tables  of  the  lunar  motions. 

We  can,  with  propriety,  only  make  some  Tcfy  gmoal 
observations  on  the  effects  of  the  continued  action  of  ths 
disturbing  forces. 

S80.  In  the  syzi^es  and  quadrature,  the  oomUnad  fine, 
ariangfrom  the  Moon^s  natural  gravitation  to  di» Earth' 
and  the  Sun's  disturbing  force,  is  directed  to  the  Eartk 
Therefore  the  Moon  will,  notwithstanding  the  distmlaif 
force,  continue  to  describe  areas  propartiDnal  to  the  tima 
But  as  soon  as  the  Moon  quits  those  stations,  the  tangestid 
force  M  L  be^ns  to  operate,  and  the  combined  foroe  is  sp 
longer  directed  precisely  to  the  Earth.  In  the  octant^ 
where  the  tangential  force  is  at  its  maximum,  it  causes  the 
combined  force  to  deviate  about  half  a  degree  from  tks 
radius  vector,  and  therefore  considerably  affects  the  angohr 
motion. 

Let  the  Moon  set  out  from  the  second  ^a  fourth  ocCaa^ 
with  her  mean  angular  velocity.  Therefore  M  L,  then  st 
its  maximum,  increases  continually  this  velocity^  whidi 
augments,  till  the  Moon  comes  to  a  sysigy.  Here  the  ae* 
celerating  force  ends,  and  a  retarding  force  beg^s  to  ad^ 
and  the  motion  is  now  retarded  by  the  same  degrees  by 
which  it  was  accelerated  just  before.  At  the  next  octant^ 
the  sum  of  the  retardations  from  the  syzigy  is  just  equal  lo 
the  sum  of  the  accelerations  from  the  preceding  octsat 
The  velocitv  of  the  Moon  is  now  reduced  to  its  mean  stale 
But  her  place  is  marc  advanced  by  37'  than  it  would  have 
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Phul  the  Mooa  not  been  affected  by  the  Sun,  but  had 
Bond  from  the  tyngy  with  lier  mean  velocity.  Proceed- 
ipf  in  bar  coufse  ftvm  this  octant,  the  retardstioii  con- 
baaa,  and  in  the  quadrature  the  velocity  is  reduced  lu  its 
bmt  KtotG ;  but  here  the  accelerating  force  be^s  ngain, 
the  velocity  to  it^  mean   state  in  the  next 


Thus  it  appears  ^*^  i°  die  octants  the  velocity  is  always 
in  its  meditun  &tate,  attains  a  maximuin  in  {latuing  through' 
a  fj^gf'  *"''  '^  ^^  loMl  possible  in  quadrature.  In  tlie 
6m  and  third  octant,  the  Moon  h  ST  east,  or  a-head  of  her 
iMtii  pbce ;  and  in  the  second  and  fourth,  is  as  much  to 
ih*  wotmrd  tA'  k ;  and  in  the  syzigies  and  quadratures 
Wucan  and  true  places  ore  the  same.  Thus,  when  her 
yJudty  differs  most  from  its  medium  state,  her  calculated 
Mi  ebsenred  places  ar«  the  same,  and  where  her  velocity 
huttsilMKl  its  mean  state,  lier  calculated  and  observed 
|4lsa  difler  taott  widtily.  This  is  the  eoic  with  all  astrono. 
wkti  •qofltions.  The  niolions  arc  computed  first  in  tlieic 
BMB  state;  and  when  the  changing  causes  increase  to  a 
uuRum,  and  then  diminish  to  nothing,  the  effect,  wliicb' 
lodxng^  of  place,  has  attained  its  maximum  by  cont^ 
noil  addtti<ni  or  detlLiclion. 

S81.  Thlsidtemat«  increaae  and  diminution  of  the  Moon'a 
ayuWnotion  in  the  course  of  a  lunation  was  first  disco- 
nred,  or  at  least  distinguished  from  the  other  irregularltiea 
rfhor  motion,  by  Tycho  Bralie,  and  by  liim  called  the 
BqiHliun  of  VAllATIOM.  The  deduction  of  it  from  the 
pnapk*  of  umvcrsal  gravitation  by  Sir  Isaac  Newton  is 
tbtBKM  ok-gntlt  and  penpicuoiis  specimen  of  mechanical 
that  is  to  be  MXai.  The  address  which  he  has 
ng  sennhle  n^i^sentationsand  measures  of  the 
Oione,  and  of  then-  accumulated  results,  in  all 
(fbil,  arc  peculiarly  [losing  to  all  persons  of 
mtica)  tasto,  and  are  bo  appoaito  and  pl«n,  that  th« 
I  DnoniipHkin  become"  highly  iiwtrurtjve  to  n  beginner  in 
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this  part  of  the  higher  mathematics.  The  late  Dr  Matthew 
Stewart,  in  his  Tracts  Physical  and  Matltematkal,  follow* 
ing  Newton's  example,  has  given  some  very  beautiful  ex- 
amples of  the  same  method. 

283.  We  have  hitherto  oonndered  the  Moon^s  orbit  as 
circular,  and  must  now  inquire  whether  its  form  will  sufier 
any  change.  We  may  expect  that  it  will,  unce  we  see  a 
very  great  disturbing  force  diminishing  its  terrestrial  gra- 
vity in  the  syzigies,  and  increasing  it  in  the  quadratures. 
Let  us  suppose  the  Moon  to  set  out  from  a  point  35^  1& 
short  of  a  quadrature.  The  force  MK,  whidi  we  may  call 
a  centripetal  force,  begins  to  act,  increasing  the  deflecting 
force.  This  must  render  the  orbit  more  incurvated  in  that 
part,  and  tlib  change  will  be  continued  through  the  whole 
of  the  arch,  extending  35^  16'  on  each  side  of  the  quadra- 
ture. At  85^  16'  east  of  a  quadrature,  the  gravity  recovcra 
its  mean  state ;  but  the  path  at  thb  point  now  mokes  an 
acute  angle  with  the  radius  vector,  which  brings  the  Moon 
nearer  to  the  Earth  in  passing  through  the  p(nnt  of  ooiw 
junction  or  opposition.  Through  the  whole  of  the  arch 
V  V,  extending  54^  44^  on  each  side  of  the  syzigies,  the 
Moon^s  gravitation  is  greatly  diminished ;  and  therefore  her 
orbit  in  this  place  is  flattened,  or  made  less  curve  than  the 
circle,  till  at  v,  54^  44'  east  of  the  syzigy,  the  Moon^s  gnu 
vity  recovers  its  mean  state,  and  the  orbit  its  mean  curva- 
ture. 

983.  In  this  manner,  the  orbit,  from  being  drcular,  be* 
comes  of  an  oval  form,  most  incurvated  at  A  and  B,  and 
least  so  at  O  and  C,  and  having  its  longest  diameter  lying 
in  the  quadratures ;  not  exactly  however  in  those  points,  on 
account  of  the  variation  of  velocity  which  we  have  shewn  to 
be  greatest  in  the  second  and  fourth  quadrant3.  The  l(Hig- 
est  diameter  lies  a  small  matter  short  of  the  points  A  and 
B,  that  is,  to  the  westward  of  them.  Sir  Isaac  Newton  haa 
determined  the  proportion  of  the  two  diameters  of  this  oval,. 
viz.  A  B  =r  70  and  O  C  =69.    It  may  seem  strange  that 
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Im  Mooa  comes  nearest  to  the  Earth  when  her  gnvity  is 
Hit  dimioidied ;  but  this  is  owing  to  the  incurvaUon  of 
he  ortnt  in  tbe  timgfabouriiood  of  the  quadratures. 

S84l  Tbe  Mood^b  orbit  is  not  a  orcle,  but  an  ellipsis 
hnn^  the  Entb  in  one  of  the  foci.  Still,  however,  the 
Aon  anettions  will  ap^y,  by  always  conceiviiig  a  orcle 
doeribed  through  the  Moon's  place  in  the  real  orluL  But 
ve  muit  now  inquire  whether  this  orbit  also  suffers  any 
Asnge  of  fana  hy  tbe  action  of  the  Sun. 

Let  us  suppose  that  the  Hne  of  the  apmdes  ccnnddes  wiUi 
tefinef^syiigies,  and  that  the  Mocm  is  in  ^x^ee.  Her 
a  to  the  Earth  is  diminished  in  conjunction  and 
I,  so  that,  yihea  her  gravitation  in  perigee  is  com' 
{■cd  widi  ber  gravitation  in  i4»gee,  the  gravitations  differ 
■ore  than  in  tbe  inverse  duplicate  ratio  of  the  distance. 
He  natural  fcaces  in  perigee  and  apogee  are  inversely  as 
Ae  ajuares  of  the  distance.  If  tbe  diminutions  by  the 
ta"!  actioa  were  also  inversely  as  the  square  of  the  dis. 
tw^  tbe  remaining  gravitatimiB  would  be  in  the  same  pro- 
porion  stilL  But  this  is  far  from  being  the  case  here ;  for 
tJbdmiButicuis  are  directly  as  thedistancc,  and  the  greatest 
qaotitf  is  taken  from  the  smallest  force.  Therefore  the 
finei  thus  £minished  must  differ  in  a  greater  proportion 
dn  bdbre,  that  is,  in  a  greater  ratio  than  the  inverse  of 
tkequsie  of  tbe  distances.* 


*  Am,  let  tbe  fUlowing  perigee  tad  apogee  dulancei  be  conipueJ, 
srilhteoRe^oading  grsTilatlotu  with  their  diminutions  and  re< 
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ir«*l«<:il*=lM  :  G3,ll.    TheitfoTC  14S  h  la  61  in  t 
pma  ntie  ihsn  ibe  Invcrac  of  the  squui!  oT  the  diitancc. 
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Let  the  Moon  come  from  the  apogee  of  this  dkturbii 

orbit     Did  her  gravity  increase  in  the  due  prcqxxrtion,  A 

would  come  to  the  proper  perigee.    But  it  incieaaes  in 

greater  proportion,  and  will  bring  the  Moon  nearer  to  thi 

focus ;  that  is,  the  orbit  will  become  more  eccentric,  am 

its  elliptical  equation  will  increase  along  with  the  eccentri 

dty.    Similar  effects  will  result  in  the  Moon^s  motion  fim 

perigee  to  apogee.     Her  apogean  gravity  being  too  mud 

diminished,  she  will  go  farther  off,  and  thus  the  ecoentri 

city  and  the  equation  of  the  orbit  will  be  increased.     Sup 

pose  the  Moon  to  change  when  in  apogee,  and  that  w« 

calculate  her  place  seven  days  after,  when  she  should  fa 

in  the  vicinity  of  the  quadratura     We  af^ly  her  ellipdca 

equation  (about  6^  SO')  to  her  mean  motion.     If  we  oooi 

pare  this  calculation  with  her  real  place,  we  shall  find  tin 

true  place  almost  99  behind  the  calculation.     We  ahoulc 

find,  in  like  manner,  that  in  the  last  quadrature,  her  cal 

culated  place,  by  means  of  the  ordinary  equation  of  tk 

orbit,  is  more  than  99  behind  the  true  or  observed  jimea 

The  orbit  has  become  more  eocentrici  and  the  motion  m  k 

more  unequable,  and  acquires  a  greater  equation.     TUi 

may  rise  to  7^  40^  instead  of  6o  2(K,  which  oarrespondi 

to  the  mean  form  of  the  orbit 

But  let  us  next  suppose,  that  the  apsides  of  the  orbit 
lie  in  the  quadratures,  where  the  Moon^s  gravitation  to  tfai 
Earth  is  increased  by  the  action  of  the  Sun.  Were  it  in^ 
creased  in  the  inverse  duplicate  ratio  of  the  distances,  the 
new  gravities  would  still  be  in  this  duplicate  proportioD< 
But,  in  the  present  case,  the  greatest  addition  will  be  made 
to  the  smallest  force.  The  apogee  and  perigee  gravities, 
therefore,  will  not  differ  sufficiently ;  and  the  Moon,  set- 
ting out  from  the  apogee  in  one  quadrature,  will  not,  on 
her  arrival  at  the  opposite  quadrature,  come  so  near  the 
Earth  as  she  otherwise  would  have  done.  Or,  should  she 
set  out  from  her  perigee  in  one  quadrature,  she  will  not 
go  far  enough  from  the  Earth  in  die  oppoute  quadrature ; 
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dut  *»,  A«  Moaitridt^  of  tfae  orbit  will,  in  both  atses,  be 
iTwiiiiilii  il,  ami,  along  with  it,  the  equation  correfpondtng. 
Oar  fldcuktioiM  tm  her  place  in  the  adjaceat  opposition 
m  flODJUBCiion,  made  with  the  ordiaory  orbital  equation, 
will  be  &ult7,  and  the  enon  will  be  of  the  opposite  kind 
to4w  fonnar.  The  equatioo  necenaiy  in  the  pre§ent  case 
«yi  not  eieeed  0«  7. 

I*  all  ufteRiiediate  pontiona  of  the  apsides,  nrntlar  ano- 
■riiM  will  be  obaerred,  verging  to  the  one  or  the  other 
OtRB^  aeowdHig  to  the  poution  of  the  line  of  the  ap- 
Ua  Thi  equation  pro  expedient  caiaih,  by  Dr  Hal- 
Itjr,  containg  the  oorrertions  which  must  be  nutde  on  the 
qutioD  of  die  orbit,  in  order  to  bring  it  into  the  state 
i^Kck  MmapondB  with  the  present  eccentricity  of  the  or- 
bit, dfjieodkig  oB  the  Sun's  position  in  reUtion  to  its  trans- 
nneaiis. 

iSS.  All  these  anomalies  are  distinctly  observed,  agree* 
m^  with  the  deductions  from  the  effects  of  universal  gravi- 
B  with  the  utmost  preciuon.  The  anomaly  itself  was 
1  by  Ptolemy,  and  the  discovery  is  the  greatest 
uk  gf  hia  peo^ntion  and  sagacity,  because  it  is  extreme- 
ly dificult  to  find  the  periods  and  the  changes  of  this  cor- 
nction,  and  it  had  esct^)ed  the  observation  of  HipparchuSi 
od  die  other  eminrait  astronomers  at  Alexandria,  during 
dvee  hundred  years  of  continued  observation.  Ptolemy 
cdkdit  the  Equation  of  svection,  because  he  explained 
itbf  a  certun  shifling  of  the  orbit.  His  explanation,  or 
nuer  his  hypothesis  for  directing  his  calculation,  is  most 
upmous  and  refined,  but  is  the  least  compatible  with 
ooer  [dienomena  of  any  of  Ptoleiny''s  contrivances. 

S86.  The  deduction  of  this  anomaly  from  its  physical 
{riadples  was  a  far  more  intricate  and  difficult  task  than 
tw  Tsriation  which  equation  had  furnished.  It  is,  how- 
*Kr,  acoomplished  by  Newton  in  the  completest  manner. 

It  is  an  interesUng  case  of  the  great  problem  of  three 
iodwf,  which  baa  employed,  and  continues  to  employ,  the 
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talents  and  best  efTorts  of  the  great  mathemaUcUns.  Mr 
Machin  gave  a  pretty  theorem,  whicli  seemed  to  promise 
great  assistance  in  the  solution  of  this  problem.  Newton 
bad  demonstrated)  that  a  body,  deflected  by  a  centripetal 
force  directed  to  a  fixed  point,  moved  so,  that  the  radius 
vector  described  areas  proportional  to  the  times.  Mr  Ma- 
chin demonstrated,  that  if  deflected  by  forces  directed  to 
two  fixed  points,  the  triangle  connecting  it  with  them 
(which  may  be  called  tlie  plana  vecirix)  also  described  so- 
lids proportional  to  the  times.  Little  help  has  been  gotten 
from  it.  The  equations  founded  on  it,  or  to  which  it 
leads,  are  of  inextricable  complexity. 

287.  Not  only  the  form,  but  also  the  position  of  the  lu- 
nar orbit,  must  sufier  a  change  by  the  action  of  the  Sun.  It 
has  already  been  demonstrated,  tliat  if  gravity  decreased  fast- 
er than  in  the  proportion  of  -73,  the  apsides  of  an  orbit  will 

advance,  but  will  retreat,  if  the  gravitation  decrease  at  a 
slower  rate.  Now,  we  have  seen,  that  while  tlie  Moon  is 
within  54^  44'  of  the  syzigies,  the  gravity  is  diminished  in 

a  greater  proportion  than  that  of  -m.  Therefore  the  ap- 
sides which  lie  in  this  part  of  the  synodical  revolution  must 
advance.  For  tlie  opposite  reasons,  while  they  he  within 
35p  IC  of  the  quadratures,  they  must  recede.  But  nnoe 
the  diminution  in  syzigy  is  double  of  the  augmentation  in 
quadrature,  and  is  continued  through  a  much  greater  por- 
tion of  the  orbit,  the  apsides  must,  in  the  course  of  a  com- 
plete lunation,  advance  more  than  they  recede,  or,  on  the 
whole,  they  must  advance.  They  must  advance  mosty 
and  recede  least,  when  near  the  syzigies ;  because  at  this 
time  the  diminution  of  gravity  by  the  disturbing  force 
bears  the  greatest  proportion  to  the  natural  diminution  of 
gravity  corrcsjxniding  to  the  elliptical  motion,  and  because 
the  augmentation  in  quadrature  will  then  bear  the  smallest 
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proportkHi  to  it,  because  the  conjugate  axis  of  the  ellipse 
k  in  the  line  of  quadrature. 

The  contraiy  must  happen  when  the  apsides  are  near 
the  quadratures,  and  it  will  be  found  that,  in  this  case,  the 
raeeas  will  exceed  the  progress.  In  the  octants,  the  mo- 
tion of  the  aprides  in  consequentia  is  equal  to  their  mean 
motion ;  but  their  place  is  most  distant  from  their  true 
place,  the  diffisrence  being  the  accumulated  sum  of  the  va^ 
xiatkms. 

But  since,  in  the  course  of  a  complete  revolution  of  the 
£arth  and  Moon  roimd  the  Sun,  the  apsides  take  every 
position  with  respect  to  the  line  of  the  syzigies,  they  will, 
on  the  whole,  advance.  Their  mean  progress  is  about 
three  degrees  in  each  revolution. 

888.  It  has  been  observed  already,  that  the  investigation 
of  the  effects  of  the  force  M  K  is  much  more  difficult  than 
that  of  the  efiects  of  the  force  M  L.  This  last,  only  treating 
of  acceleration  and  retardation,  rarely  employs  more  than 
the  direct  method  of  fluxions,  and  the  finding  of  the  simpler 
fluents,  which  are  expressed  by  circular  arches  and  their 
concomitant  lines.  ])ut  the  very  elementary  part  of  this 
aeoond  investigation  engages  us  at  once  in  the  study  of 
curvature  and  the  variation  of  curvature ;  and  its  Amplest 
process  requires  infinite  sericses,  and  the  higher  orders  of 
fluxions.  Sir  Isaac  Newton  has  not  con^dered  this  ques- 
tion in  the  same  systematic  manner  that  he  has  treated  the 
other,  but  has  generally  arrived  at  his  conclusions  by  more 
circuitous  helps,  suggested  by  circumstances  peculiar  to 
the  case,  and  net  so  capable  of  a  general  application.  He 
has  not  even  given  us  the  steps  by  whidi  he  arrived  at 
some  of  his  conclusions.  His  excellent  commentators,  Le 
Seur  and  Jaquier,  have,  with  much  address,  supplied  us 
with  this  mformation.  But  all  that  they  have  done  has 
been  very  particular  and  limited.  The  determination  of 
the  motion  of  tiie  lunar  apogee  by  the  theory  of  gravity  is 
found  to  be  only  one-half  of  what  is  really  observed.    Tliis 


190  PHYSICAL  ASTEONOMY. 

was  vecy  soon  remarked  by  Mr  Machin,  but  without  beiiig 
able  to  amend  it ;  and  it  remained,  for  many  years^  a  aoit 
of  blot  on  the  doctrine  of  universal  gravitation. 

289.  As  the  Newtonian  mathematics  continued  to  in^ 
prove  by  the  united  labours  of  the  first  geniuses  of  Eu- 
rope^ this  investigation  received  successive  im[MrovemeiitB 
also.     At  last,  M.  Clairaut,  about  the  year  1743>  cotuic^ 
ered  the  problem  of  these  bodies,  mutually  gravitating^  in 
general  terms.     But  finding  it  beyond  the  reach  of  our  aU 
tainments  in  geometry,  unless  considerably  limited,  he  oon- 
fined  his  attention  to  a  case  which  suited  the  interesting 
case  of  the  lunar  motions.     He  supposed  one  of  the  three 
bodies  immensely  larger  than  the  other  two,  and  at  a  very 
great  distance  from  them ;  and  the  smallest  of  the  others 
revolving  round  the  third  in  an  ellipse  httle  different  from 
a  drcle ;  and  limited  lus  attention  to  the  disturbances  only 
of  this  motion.— -With  this  limitation  he  solved  the  [wk 
blem  of  the  lunar  theory,  and  constructed  tables  erf"  the 
Moon'^s  motion.     But  he  too  found  the  motion  of  the  apo» 
gee  only  one-half  of  what  is  observed.— *£uler,  and  D^A» 
lembert,  and  Simpson,  had  the  same  result ;  and  malhe- 
matidans  began  to  suspect  that  some  other  force,  besides 
that  of  a  gravitation  inversely  as  the  square  of  the  dis* 
tance,  had  some  share  in  these  modods. 

At  last,  M,  Clairaut  discovered  the  source  of  all  thmr 
mistakes  and  their  trouble.  A  term  had  been  omitted^ 
whidi  had  a  great  influence  in  this  particular  circumstance^ 
but  depended  on  some  of  the  other  anomalies  of  the  MooOy 
with  which  he  had  not  suspected  any  connexion.  He 
found,  that  the  disturbances,  which  he  was  considering  as 
relating  to  the  Moon'^s  motion  in  the  simple  ellipse,  should 
have  been  considered  as  relating  to  the  OTUt  already  a& 
fected  by  the  other  inequalities.  When  this  was  done,  he 
found  that  the  motion  of  the  apogee,  deduced  from  the 
action  of  the  Sun,  was  precisely  what  is  observed  to  obtMn. 
Eukr  and  D'Alembert,  who  were  cnipfeyed  in  the  same 
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invcsligitioii,  acceded  without  scruple  to  M.  Clairaufs 
impnyvement  of  bis  analjBU ;  and  all  are  now  satisfied  with 
reelect  to  the  competency  of  the  principle  of  universal  gra- 
▼itation  to  the  explanation  of  all  these  phenomena  of  the 
limar  motions. 

990*  In  the  whde  of  the  preceding  investigation,  we 
faaive  oooadered  the  disturbing  force  of  the  Sun  as  acting 
in  the  plane  of  the  Moon'^s  orbit,  or  we  have  conadered 
that  ovfait  as  coinciding  with  the  plane  of  the  ecliptic.  But 
the  Moon^s  orbit  is  inclined  to  the  plane  of  the  ecliptic 
nearly  5%  and  therefore  the  Sun  is  seldom  in  its  plane. 
His  action  must  generally  have  a  tendency  to  draw  the 
Moon  out  of  the  pbme  in  which  she  is  then  moving,  and 
thos  to  change  the  inclination  of  the  Moon's  orbit  to  the 
cdiptic 

But  this  oUique  force  may  always  be  resolved  into  two 
olbcts,  one  of  which  shall  be  in  the  plane  of  the  orbit,  and 
die  other  perpendicular  to  it.  The  first  will  be  the  dis- 
tmbing  farce  already  considered  in  all  its  modifications. 
We  must  now  consider  the  effect  of  the  other.* 

291.  Let  AC  BO  (Fig.  35.)  be  the  Moon's  orbit  cut- 
ting  the  ecliptic  in  the  line  N  N'  of  the  nodes,  the  half 
NM  AN'  being  raised  above  the  ecliptic,  and  the  other 
half  N  B  O  N'  bdng  below  it.  The  clotted  drcle  is  the 
orbit,  turned  on  the  line  NN'  till  it  coincide  with  the  plane 
of  the  ecUptic.  C,  O,  A,  and  B,  are,  as  formerly,  the 
points  of  syzigy  and  quadrature.  Let  the  Moon  be  in  M. 
Let  A  £  B  be  the  intersection  of  a  plane  perpendicular  to 


*  Ic  is  very  difBcnlt  to  give  such  a  representation  of  the  lunar  or* 
bitp  iodined  Co  the  plane  of  the  ecliptic*  that  the  lines  which  repre- 
sent the  difeent  affisctions  of  the  disturbing  force  may  appear  de- 
tached from  the  planes  of  the  orbit  and  ecliptic,  and  thus  enable  ns 
to  pcroeiTe  the  efficiency  of  them*  and  the  nature  of  the  effect  pro* 
dooed.  The  moat  attentive  consideration  by  the  reader  b  necessary 
for  giving  him  a  distinct  notion  of  these  circumstances. 


?iIY!»K'AL  AiftTftONOMV. 

l;-.     Draw  M  /I  perpendicular  to  the  plane  AEB, 
2iin:!brv  panlid  to  ihe  ecliptic,  and  to  O  C.     Take 
..  ti.:^  '.D  3  M  '!«  ami  join  MI.     MI  is  the  Sun'^s  dis- 
ufux^  run.tf.  \^:f71.)  and  £  M  measures  tlie  augmentation 
i    j^  '•l^vu*  j:raviuuon  when  in  quadrature.    It  is  plain, 
^^ih  ^  1  >  in  J  piooe  passing  through  £  S,  and  intersect- 
t^  ct;   ;.iar  orbit  in  the  line  M  £,  and  the  ecliptic  in4lic 
ut  i  '.      M  L  ihtrvtbrv,  does  not  lie  in  the  plane  of  the 
^ibT  .Ttitfi.  :K>r  in  iha:  of  die  ecliptic,  but  is  between  them 
\»%^i.      ^T^  rl'av  M  I  niav  therefore  be  conceived  as  re- 
^i^ixiTic    '.tio  two  forws,  one  of  which  lies  in  the  Moon^s 
*ci  .  iLx:  -Jic  other  is  (vrpendicular  to  it.    This  resolution 
%i.i  .\:  .*^vu\i*  ir*  wo  draw  I  i  upward  from  tlie  ecliptic, 
•li  -.  .'j«x<  '.'V  v^uo  s^i  the  lunar  orbit  perpendicularly  in 
V*  \*ia  M  i«  and  complete  the  parallelogram  Milfn, 
»to-  f/ia^  H  I  :or  115  dijj^nial.     The  force  M  I  is  equivalent 
t/   V      >  -^u:  in  the  pliUio  of  tiie  Moon'^s  orbit,  and  M  m 
iK,^  •A.uc'w.ar  to  it.     lU*  the  force  M  %  the  Moon  is  acoe- 
^:ai^v.  .•»:  .-viaiJixl,  and  has  her  gravitation  to  the  Earth 
.  ^  it«.-..^vi  vY  dininislieil,  while  the  force  M  m  draws  the 
v».u  -X...  vH  the  plane  N  C  M  ;  or  that  plane  is  made  to 
^:*.     .N  <^ixHU  s^>  that  its  intersection  NN'  sliifts  its  place 
I'V  '.'wlinalion  of  the  orbit  to  tlie  ecliptic  also  is 
*.< .  ^ ..      1 .1  X  ptme  I  /  G  be  drawn  through  I  %  perpen- 
.^.^v.   \  jH-  .!uc  N  N'  of  the  nodes.     The  line  £  G  is 
^    ^^<'.^-  \\y  ihU  plane,  and  therefore  to  the  lines  G  I 
j^  v's<\  1  i  G  is  a  right  angle,  because  I  %  was 

.  ^ .    ^^«iMAiK'ukir  to  the  plane  M  e  G  £. 
V    .         *  M  be  considered  as  the  radius  of  the  tables, 
X       X     x  >iv»\'  of  the  Moon's  distance  from  (juadrature. 
^^         IVii  K  1  ^=^  3  J.     Also,  making  E I  radius, 
,    X    V  XX'  s'l  ihe  mnle's  distance  from  the  line  of  syzi- 
».     *  X  ..     AIan  I G  being  made  radius,  I  i  or  M  w 
^    ..     K  uuUuation  of  the  orbit  to  the  ecliptic. 


V       "x 
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Thmfin 

we 

have     E  M  :  E  I  =  R  :  3 
EI  :  IG  =  B:. 
I6:Mm  =  R:i 

Thenbn 

EM:M».  =  R':39. 

■nd 

Mm  =  3EMx^'. 

nns  ve  faare  obtained  an  expression  of  the  force  M  m, 
(iBcfa  tends  to  change  the  position  and  inclination  of  the 
lU.  From  this  expresnon  we  may  draw  several  conclu- 
im  which  indicate  its  (Uflercnt  clFects. 

Ccr.  1.  This  fbroe  vanishes,  that  is,  tlicre  is  no  sudi 
ha  when  the  Moon  is  in  quadrature.  For  then  q,  or 
tteKiie  Mn,  is  nothing.     Now  g  being  one  of  the  hume- 

rical  &cbH«  of  the  numerator  of  the  fraction  "-^ ,  the  frac- 

titt  ifidf  has  no  value.  We  easily  perceive  the  phyacal 
OM  of  the  evanescence  of  the  force  M  «i  when  M  comes 
into  die  Une  of  quadrature.  When  this  happens,  the 
^ukdiitmlHng  force  has  the  direction  A  E,  the  then  ra- 
Aa  vRtor,  and  is  in  the  plane  of  the  orbit.  There  is  no 
radi  faice  as  M  fn  in  this  situation  of  things,  the  disturb- 
ing fbra  bang  wholly  employed  in  augmenting  the  Moon's 
piritriion  to  the  Earth. 

9.  Tike  force  M  m  vanishes  also  when  the  nodes  are  in 
fciyngy.  For  there  the  factor  5  in  the  numerator  van- 
Mw.  We  perceive  the  physical  reason  of  this  also.  For 
wn' the  nodes  are  in  the  eyzigies,  the  Sun  is  in  the  plane 
it  Ifc  orbit ;  or  this  plane,  if  produced,  passes  through 
At  Bmi.  In  such  case,  the  disturbing  force  is  in  the  plane 
■^  mtntf  and  can  have  nn  part,  M  m  acting  out  of  that 

I** 

1  Tbt  dAe£  varieties  of  the  force  M  m  depend,  ho*- 
"^  on  /j  the  sine  of  the  node's  distance  from  syzigy. 
Wi»  eraj  revolution,  g  goes  through  the  same  series  of 
wadte  niuea,  and  %  remains  nearly  the  same  in  all  re- 
TherHbfg    iRe  drcumstance  which  will  most 
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distinguisli  the  different  lunations  is  the  situation  of  the 
node. 

29S.  This  force  bends  the  Moon'^s  path  toward  the  eclip- 
tic, when  the  points  M  and  I  are  on  the  same  side  of  the 
line  of  the  nodes,  but  bends  it  aw&y  Jrom  the  ecliptiq  when 
N  lies  between  I  and  M.  This  circumstance,  kqpt  firmly 
in  mind,  and  considered  with  care,  will  explain  alithe  de- 
viations occasioned  by  the  force  M  m.  Thus,  in  the  situa- 
tion of  the  nodes  represented  in  the  figure,  let  the  Moon 
set  out  from  conjunction  in  C,  moving  in  the  arch  CMAO. 
All  the  way  from  C  to  A,  the  disturbing  force  M I  is  be- 
low the  elevated  half  N  M  N'  of  the  Mbon^s  orbit  between 
it  aind  the  eclipdc,  and  therefore  the  force  M  m  pulls  the 
Moon  out  of  the  plane  of  her  orbit  toward  the  ecliptic. 
The  same  thing  happens  during  the  Moon'^s  motion  from 
N  to  C.  This  will  appear  by  constructing  the  same  kind 
of  parallelogram  on  the  diagonal  M I  drawn  from  any  point 
between  N  and  C. 

When  the  Moon  has  passed  the  quadrature  A,  and  is 
in  M',  the  force  M^  I'  is  both  above  the  ecliptic,  and  above 
the  elevated  half  of  the  Moon^s  orbit.  This  will  appear 
by  drawing  M'^  perpendicular  to  £  N%  and  joiiung  g  F. 
The  line  M'^  is  in  the  orbit,  and^T  is  in  the  ediptic, 
and  the  triangle  M'^r  stands  elevated,  and  nearly  per- 
pendicular on  both  planes,  so  that  M'  I'  is  above  tfiem 
both.  In  tlus  case,  the  force  M'  m\  in  pulling  the  Moon 
out  of  the  plane  of  her  orbit,  separates  her  from  it  on  that 
side  which  is  most  remote  from  the  ecliptic ;  that  is,  causes 
the  path  to  approach  more  obliquely  to  the  ecUpUc.  The 
figure  36.  will  illustrate  this.  N'  I'  is  the  ecliptic^  and 
M'  N'  is  the  orbit,  both  seen  edgeways,  as  they  would  ap» 
pear  to  an  eye  placed  in  t,  (35.)  in  the  line  N  N'  pro* 
duced  beyond  the  orbit.  The  disturbing  force,  acting  in 
the  direction  M'  1%  may  be  resolved  into  M'p  in  the  direi^ 
tion  of  the  orbit  plane,  and  M'  m!  perpendicular  to  it.  /: 
The  part  M'  m\  being  compounded  with  the  simultaneous 
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notion  M'f,  oompoies  a  motioa  M'r,  which  intersects  the 
ediptic  in  n.  When  M',  in  Fig.  35,  gets  to  M*,  tG^path 
ti  ■gain  bent  toward  the  ecliptic,  and  continues  bo  all  the 
my  from  N'  to  B,  where  it  begins  to  act  in  the  same  man- 
Mr  ai  in  M'  between  A  and  N'. 

S93l  By  the  action  of  this  lateral  force,  the  orbit  must 
Ik  omtinually  shifting  its  po^Uon,  and  its  intersection  with 
it  ecliptic  i  or,  to  speak  more  accurately,  the  Moon  is 
Mde  to  more  in  a  line  which  does  not  lie  all  in  ona 
fJne.  In  imagination,  we  concdve  an  orbital  mateiial 
ioe,  somewhat  like  a  Hoop,  of  an  elliptical  shape,  aU  in  one 
fhne,  pasong  throu^  the  Earth,  and,,  instead  of  ohic^v- 
ag  the  MooQ  to  quit  this  hoop,  we  suppose  the  hoop  itself 
to  rinft  its  poation,  so  that  the  arch  in  which  the  Moon  is, 
umj  moment,  takes  the  direction  of  the  Moon's  motion 
■  that  nunnenL  Its  intersection  with  the  ecliptic  (per- 
k^i  at  a  connderable  distance  from  the  point  occufued-  by 
die  Moon)  shifts  accordingly.  This  hoop  may  be  con- 
■md  M  having  an  axis,  perpendicular  to  its  plane,  poas- 
■gdmugh  the  Earth.  This  axis  will  incline  to  one  sde 
ftvAs  pole  of  the  ecliptic  about  five  degrees,  and,  aa 
the  fa  NN'  of  the  nodes  shifts  round  the  ecliptic,  the  ex- 
bmkj  of  this  axis  will  describe  a  circle  round  the  pole  of 
Asfdiptic,  distant  from  it  about  5°  all  round,  just  as  the 
an  of  the  Earth  describes  a  circle  round  the  pole  of  the 
f^xic^  distant  from  it  about  £3^  degrees. 

IM.  When  the  Moon's  path  is  bent  toward  the  ecliptic, 
■he  must  cross  it  sooner  than  she  would  otherwise  have 
ioK.  The  node  will  appear  to  meet  the  Moon,  that  is, 
toilttft  to  the  westward,  in  antecedentid  ngnorum,  or  to 
ncede.  But  if  her  path  be  bent  more  away  from  the 
afip6e,  she  must  proceed  farther  before  she  cross  it,  and 
Ae  nodes  will  shift  in  conseguentid,  that  is,  will  advance. 

Cor.  1.  Therefore,  if  the  nodes  have  the  wtuation  re- 
imntcd  in  the  figure,  in  the  second  and  fourth  quadrant, 
Atnodes  must  retreat  while  the  Mocn  describes  the  arch 
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N  C  A,  or  the  arch  N'  O  B,  that  is,  while  she  passes  from 
a  node  to  the  next  quadrature.  But  while  the  Moon  de- 
scribes the  arch  A  N',  or  the  arch  B  N,  the  force  which 
pulls  the  Moon  from  the  plane  of  the  orbit,  causes  her 
to  pass  the  points  N'  or  N  before  she  reach  the  ecliptic, 
and  the  node  therefore  advances,  while  tlic  Moon  moves 
from  quadrature  to  a  node. 

It  is  plain,  that  the  contrary  must  happen  when  the 
nodes  are  situated  in  the  first  and  third  quadrants.  They 
will  advance  while  the  Moon  proceeds  from  a  node  to  the 
next  quadrature,  and  recede  while  she  proceeds  from  a 
quadrature  to  the  next  node. 

Cor,  St,  In  each  synodical  revolution  of  the  Moon,  the 
nodes,  on  the  whole,  retreat  For,  to  take  the  example 
represented  in  the  figure,  all  the  while  that  the  Moon 
moves  from  N  to  A,  the  line  M  I  lies  between  the  orbit 
and  ecliptic,  and  the  path  is  continually  indining  more  and 
more  towards  it,  and,  consequently,  the  nodes  are  all  this 
while  receding.  They  advance  while  the  Moon  moves 
from  A  to  N'.  They  retreat  while  she  moves  firom  N'  to 
B,  and  advance  while  she  proceeds  from  B'  to  N.  The 
time,  therefore,  during  which  the  nodes  recede,  exceeds 
that  during  which  they  advance.  There  will  be  tlie  sam« 
diflTcrcnce  or  excess  of  the  regress  of  the  nodes  when  they 
are  situated  in  the  angle  C  E  A. 

It  is  evident  that  the  excess  of  the  arch  N  C  A  above 
the  arch  BN  or  A  N',  is  double  of  the  distance  N  C  of  the 
node  from  syzigy.  Therefore  the  retreat  or  westerly  mo* 
tion  of  the  nodes  will  gradually  increase  as  they  pass  from 
syzigy  to  quadrature,  and  again  decrease  as  the  node  passes 
from  quadrature  to  the  syzigy. 

Cor,  3.  When  the  nodes  are  in  the  quadratures,  the  la- 
teral force  TAm  \s  the  greatest  possible  through  the  whole 

0  s  % 
revolution,  because  the  factor  s  in  the   formula  --r-    is 

then  equal  to  radius.     In  the  syzigies  it  is  nothing. 
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ke  s  complete  iwululiuti  in  GSO.i'  2"  ay 
Inl  witli  givat  inequalll)',  as  appears  ti-om  what  hiu 
raid  ia  liie  preceding  paragraph^!.  The  exact  deter- 
of  iheir  rootions  is  to  be  stxn  in  Newton's  Princi' 
pk,  D.  III.  Prop.  SS. :  and  it  ia  a  very  beautiftil  example 
of  dynamical  analytis.  Tlie  principal  equation  amounts 
Iti  1"  ^  45"  at  it^  muxinium,  aod,  in  other  attuationa,  it 
ic  proportMial  to  the  taae  of  twice  the  arch  N  C.  The 
aonual  rvgress,  computed  according  to  llic  principles  of 
liic  llMwry,  does  not  differ  two  miuules  of  a  degruc  fn>in 
wlut  is  actually  observed  in  tlic  heavens.  This  wundcr- 
fui  onncidctice  is  the  great  boast  of  tlic  doctrine  of  univer- 
sal gnvitmion.  At  the  sajiic  time,  the  perusal  of  New- 
Ino's  investigation  will  sliew  that  such  agreement  is  not  tlic 
alrviout  nsuU  of  the  liappy  ^tnplicity  of  the  great  regulat- 
inf;  power :  we  slioU  there  see  many  abslriisc  and  delicate 
awntOHtanccs,  which  must  be  considered  and  taken  into 
U>c  Bcuuunt  before  we  can  obtain  a  true  statement. 

This  m4>tiun  of  the  nodes  is  accompanied  by  a  variation 
t£  tbc  inclination  of  tlie  orbit  to  tlie  ecliptic.  The  incli- 
naboB  increases,  when  the  Moon  is  drawn  j'rom  the  eclip- 
be  vhile  leaving  a  node,  or  toward  it  in  approaching  a 
aodtt  It  ii  diiiiioished,  when  the  Moon  is  drawn  toward 
tbc  ecCptic  when  leaving  a  node,  or  from  it  in  approaching 
a  noilev  Therefore,  when  the  nodes  arc  situated  in  the  , 
fint  and  third  i]uadrants,  the  inclination  Increases  while 
the  Moon  passes  from  a  node  to  the  next  quadrature,  but 
itdauntdicft  tiJI  .slic  i«  90"  from  the  node,  and  thcD  in- 
nwcfl  till  shfl  rcaclics  the  other  nude.  Therefore,  in  each 
teifilutJon,  the  inclination  is  increased,  and  Iwcumes  cou- 
tisually  greater,  wh'Jc  the  node  recedes  from  die  (juodra- 
Uau  lo  tbc  syzigy ;  and  it  is  the  greatest  possible  when  the 
nodn  ore  in  the  lino  of  tlie  syiugies,  and  it  is  tlicn  nearly 
n  tiic  nodes  arc  situated  in  the  second 
nts,  the  inclination  ul'  the  orhit  dimiii- 
I  the  Muuii  iiauc-t  from  the  node  to  theUOlh 
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degree ;  it  is  increased  from  thence  to  the  quadrature,  and 
then  diminishes  till  the  Moon  reaches  the  other  node. 
While  the  nodes  are  thus  sntuated,  the  inclination  dimin- 
ishes in  every  revolution,  and  is  the  least  of  all  when  the 
node  is  in  quadrature,  and  the  Moon  in  syzigy,  being  then 
nearly  4®  58%  and  it  gradually  increases  again  till  the 
nodes  reach  the  fine  of  syzigy.  While  the  nodes  are  in 
the  quadratures,  or  in  the  syzigies,  the  inclination  is  not 
sensibly  changed  during  that  revolution. 

Such  are  the  general  effects  of  the  lateral  force  M  m, 
that  appear  on  a  slight  consideration  of  the  circumstances 
of  the  case.  A  more  particular  account  of  them  cannot 
be  given  in  this  outline  of  the  science.  We  may  just  add, 
that  the  deductions  from  the  general  principle  agree  pre« 
cisely  with  observation.  The  mathematical  investigation 
not  only  points  out  the  periods  of  the  different  inequalities, 
and  their  relation  to  the  respective  positions  of  the  Sun 
and  Moon,  but  also  determines  the  absolute  magnitude  to 
which  each  of  them  rises.  The  only  quantity  deduced 
from  mere  observation  is  the  mean  inclination  of  the  Moon's 
orbit.  The  time  of  the  complete  revolution  of  the  nodes, 
and  the  magnitude  and  law  of  variation  of  this  motion, 
and  the  change  of  inclination,  with  all  its  varieties,  are  de- 
duced from  the  theory  of  universal  gravitation. 

295.  There  is  another  case  of  this  problem,  which  is 
considerably  different,  namely,  the  satellites  of  Dr  Her- 
scheFs  planet,  the  planes  of  whose  orbits  are  nearly  per- 
pendicular to  the  orbit  of  the  planet  This  problem  ofiers 
some  curious  cases,  which  describe  the  attention  of  the  me- 
chanician ;  but  as  they  interest  us  merely  as  objects  of 
curiosity,  they  have  not  yet  been  considered. 

296.  There  is  still  another  considerable  derangement  of 
the  lunar  motions  by  the  action  of  the  Sun.  We  have 
seen,  that  in  quadrature  the  Mootfs  gravitation  to  the 
Earth  is  augmented  ^^g,  and  that  in  syzigy  it  is  dimin* 
ished  J ^9.     Taking  the  whole  synodical  revolutiMi  to* 
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5(rtff,  this  is  equivalent,  nearly,  to  a  diminution  of  j~^, 

« iii.  That  IB  to  say,  in  consequence  of  the  Sun's  ac- 
lao,  the  gcuvral  gruTitation  of  tho  Moon  to  the  Eortli 
■  fh  IcK  tlian  if  llic  Sun  were  away.  If  the  Sun  were 
Wtjr,  HkkGxv,  the  Moon's  gravitation  would  be  ^J, 
gnaler  tbim  her  present  mean  gravitation.  The  conse- 
ifietxx  would  be,  thai  the  Moon  would  come  nearer  to  tlie 
Earth.  As  this  would  be  done  without  any  change  on 
bcTTdoeitjr,  uid  as  she  now  will  be  retained  in  a  smaller 
vMtf  (he  will  descrilM?  it  in  a  proportionally  less  time;  and 
vr  era  eoDipute  exactly  how  near  she  would  come  lM>ii>rc 
this  iacTOMMl  graTitalion  will  be  balanced  by  the  velocity 
We  mm^  conclude  from  this,  that  the  mean  distance  and 
iIk  mean  period  of  the  Muon  whicii  we  observe,  ore  greater 
dion  Iter  natural  distance  and  period. 

From  this  it  is  plain,  that  if  any  thing  shall  increase  ur 
iliniiniiih  tiic  action  of  the  Sun,  it  must  equally  increase  or 
ihminiiii  the  distance  whicli  the  Moon  assumes  from  the 
Gmh,  and  the  time  of  her  revolution  at  that  distance. 

Now,  there  actually  is  such  a  change  in  the  Sun's  action. 
Whai  the  Earth  is  in  perikelio,  in  the  beginning  of  Jan- 
vrj,  ahe  in  nearer  the  Sun  than  in  July  by  I  part  iu  80 ; 
OHUHjucntly,  the  ratio  of  E  M  to  E  S  is  increased  by  ^j, 
« in  the  ratio  o(  30  to  31,  But  her  gravitation  (and  con- 
wqiMBtly  the  Moon's)  to  the  Sun  is  increased  I'j ,  or  in 
tlwmioof  80  to  32.  Therefore  the  disturbing  force  is 
■Dcnand  by  I  part  in  10  nearly.  The  Moon  must  therc- 
fi»  retire  farther  from  the  Earth  1  part  in  1790.  She 
■lUt  describe  a  larger  orbit,  and  employ  a  greater  time. 

We  can  compute  exactly  what  is  tlic  extent  of  thi» 
dimf^  The  nderea!  period  of  the  Moon  is  21'  7"  43', 
or  S93ti'.  This  must  be  increased  iTum  because  the 
Moon  retaimi  the  same  velucity  in  the  enlarged  orbit. 
Tbia  will  mak*  the  period  S9J(i5',  which  exceeds  the  other 
S^     The  obaervcd  difl'creuc£  between  a  lunation  in  Jan- 
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u&ry  and  one  in  July  somewbat  exceeds  25*.  Tbis^l^ 
reduced  in  the  proportion  of  the  synodical  to  the  peru 
cal  revolution,  agrees  with  this  mechanical  coaclusioo  ^ 
great  exactness,  wlien  the  computation  is  mode  with  ( 
attention  to  every  circumstance  that  can  nlfect  ibc  coot 
sion.  For  it  moHt  be  remarked,  that  the  computaUou  h 
given  proceeds  on  the  legitimacy  ot'  assuming  a  geo&ali 
minutiun  of  jjg  of  the  Moon's  gravitation  as  equivaleal 
the  variable  change  of  gravity  that  really  takes  place.  , 
Uic  particular  circumstances  of  the  case,  this  is  very  oaf 
exact.  The  true  method  is  to  taJvo  the  average  of  all  I 
disturbing  forces  M  K  tlirough  the  quadrant,  multtplj^ 
each  by  the  time  of  its  action.  And  here  Euler  makefl 
sagacious  remark,  tliat  il"  the  diameter  of  the  Moon's  od 
had  exceeded  its  present  magnitude  in  a  very  conudoiill 
proportion,  it  would  scarcely  have  been  possible  to  as0^ 
tlie  period  in  which  she  would  have  revolved  round  | 
Earth ;  and  the  greatest  part  of  the  mediods  by  wfaich  ( 
problem  has  been  solved  could  not  have  been  employcdj 
297.  There  still  remains  an  anomaly  of  the  lunar  | 
lions  that  has  greatly  puzzled  the  culti\ators  of  phyij 
astronomy.  Dr  Halley,  when  compiuriiig  the  ancient  C| 
dean  observations  with  thotic  of  modem  times,  in  urdeti 
obtain  an  accurate  measure  of  tlie  period  of  tJie  MowV 
volution,  found,  that  some  observations  made  by  the  i^ 
bian  astronomers,  in  the  eightli  and  ninth  ccntuiiof  ij 
not  agree  witli  this  measure.  AVIicn  the  lunar  {jerioii  1 
deduced  from  a  comparison  of  the  Chaldean  observalu 
with  the  Arabian,  the  period  was  sensibly  greater  ^ 
what  was  deduced  from  a  comparison  of  the  Arabian  I 
the  modern  observations ;  so  that  the  Moon's  mean  nvH 
seems  to  have  accelerated  a  little-  This  coDclusioai 
confirmed  by  breaking  each  of  these  long  intervals  I 
parts.  When  the  Chaldean  and  Alexandrian  observalJ 
were  compared,  they  gave  a  longer  period  than  the  Al 
andrian  comgtared  with  the  Arubian  of  the  eighth  centu 
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lis  last  period  exceeded  wlial  is  deduced  from  a  com- 
pvieun  of  the  Arabian  with  liic  modem  obserrations;  and 
pita  the  comparison  of  the  raixiern  observations  with  eacJ] 
utiier  aheWE  a  continued  diminution.  Tliis  conjecture  was 
received  by  ihe  mechanical  pbitoaophers  with  hesitation, 
because  no  reason  could  be  as»gned  for  the  acceleraUon : 
km)  Uk  more  that  the  Newtonian  philosophy  baa  been  cul< 
tinted,  the  more  confidently  did  it  appear  that  the  mean 
Aituioes  and  periods  could  sustain  no  change  from  the 
BWtual  action  of  the  pluieta.  Nay,  M.  de  la  Orange  baa 
j(  list  demonstrated,  tltat  in  the  solar  system,  as  it  exists, 
tlu  it  strictly  true,  as  to  any  change  that  wilt  be  pernia- 
Hnt:  all  is  pCTiodlcal  and  compeneatory.  Vet,  as  obwr- 
wtion  also  improved,  this  occ^eration  of  the  Moon's  mean 
mnliail  became  undeniable  and  conspicuous,  and  it  is  now 
idmitted  by  every  astronomer,  at  the  rate  of  about  11"  in 
lontunr,  and  her  change  of  longitude  increases  in  the 
dujiticate  ratio  of  tlie  limes. 

Viriuus  attempts  liave  been  mode  to  account  for  this 
anderation.  It  was  imagined  by  several,  that  it  was  owing 
to  the  lenstance  of  the  celestial  spaces,  which,  by  dimin- 
vimg  tfie  progressive  velocity  of  the  Moon,  caused  her  to 
fall  vithin  her  preceding  orbit,  approaching  the  Earth 
conlijiually  in  a  sort  of  elliptical  spiral.  But  the  Iroe  mo- 
tioa  of  the  ImIs  of  comets,  the  rare  matter  of  which  seems 
to  meet  with  no  sensible  resistance,  rendered  this  cxplona- 
tiDD  uiintisfactory.  Others  were  disposed  to  think,  that 
gnnly  did  not  operate  instantaneously  through  the  whole 
Went  of  its  influence.  The  application  of  tills  prindpic 
od  not  seem  to  be  obvious,  nor  its  effects  to  be  very  clear 
«■  definite. 

At  last,  M.  de  la  Place  discovered  the  cause  of  this  per- 
jfatiog  fact ;  and  in  a  dissertation  read  to  the  Royal  Aca- 
demy of  Sciences  in  17H5,  he  shews,  that  the  acceleration 
of  the  Moon's  mean  motion  necessarily  arises  from  a  small 
cbange  in  tlie  eccentricity  uf  the  Earth's  orbit  round  the 
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uary  and  one  in  July  somewhat  exceeds  25'.  This,  when 
reduced  in  the  proportion  of  the  sjnodical  to  the  periodi- 
cal revolution,  agrees  with  this  mechanical  conclusion  with 
great  exactness,  when  the  computation  is  made  with  diie 
attention  to  every  circumstance  that  can  afifect  the  conclu- 
sion.  For  it  must  be  remarked,  that  the  computation  here 
given  proceeds  on  the  legitimacy  of  assunung  a  general  di? 
minution  of  ^}^  of  the  Moon'^s  gravitation  as  equivalent  to 
the  variable  change  of  gravity  that  really  takes  place,  lu 
the  particular  circumstances  of  the  case,  this  is  very  nesslj 
exact.  The  true  method  is  to  take  the  average  of  all  the 
disturbing  forces  M  K  thjrough  the  quadrant,  multiplying 
each  by  the  time  of  its  action.  And  here  Euler  makes  a 
sagacious  remark,  that  if  the  diameter  of  the  Moon's  orUt 
had  exceeded  its  present  magnitude  in  a  very  considerable 
proportion,  it  would  scarcely  have  befsn  possible  to  asaigii 
the  period  in  which  she  would  have  revolved  round  the 
Earth  ;  and  the  greatest  part  of  the  methods  by  which  tbs 
problem  lias  been  solved  could  npt  have  been  employed- 

297.  There  still  remains  an  anomaly  of  the  lunar  mop 
tions  that  has  greatly  puzzled  the  cultivators  of  phyvcal 
astronomy.  Dr  Halley,  when  comparing  the  ancieqt  Chal- 
dean observations  with  those  of  modem  times,  in  order  to 
obtain  an  accurate  measure  of  the  period  of  the  Moon^a 
volution,  found,  that  some  observations  made  by  the 
bian  astronomers,  in  the  eighth  and  ninth  centuries,  did 
not  agree  witli  tliis  measure.  When  the  lunar  period  was 
deduced  from  a  comparison  of  the  Chaldean  observations 
with  the  Arabian,  the  period  was  sensibly  greater  than 
what  was  deduced  from  a  comparison  of  the  Arabian  and 
the  modem  observations ;  so  that  the  Moon's  mean  motion 
seems  to  have  accelerated  a  little.  This  conclusion  vas 
confirmed  by  breaking  each  of  these  long  intervals  into 
parts.  When  the  Chaldean  and  Alexandrian  observatioos 
were  compared,  they  gave  a  longer  period  than  the  Alexp 
andrian  compared  with  the  Arabian  of  the  eighth  centu^; 


SECULAU  IMUATtOM  O 

ml  lJi»  last  period  exceeded  wliat  is  deduced  fnxu  a  eoni- 
jmtisoo  of  tlie  AratHOii  with  tlii:  niudcni  observations ;  and 
fta  the  coaipittison  of  tlic  modem  observations  with  eodi 
oikir  sbinKS  ii  continued  diminution.  This  conjecture  was 
ncdvcd  by  the  m<.>chanical  phUoaopherB  with  hesitation, 
htcauM  no  reason  coujd  be  assigned  for  tlie  acculerBlion ; 
and  the  more  that  the  Newtonian  philosophy  has  been  cul- 
linlnl,  the  more  confidently  did  it  appear  thai  the  mean 
snd  periods  could  sustain  no  change  from  the 
tiun  of  the  planets.  Nay,  M.  de  la  Grange  has 
«l  last  danonetratcd,  that  in  the  bolar  sy^tfm,  as  it  exists, 
this  is  ftnclly  irue,  as  to  any  change  that  will  be  periiia- 
nent :  alt  is  periodical  and  compensatory.  Yet,  as  obser- 
IliuM  alfo  improved,  this  acceleration  of  the  Moon's  mean 
become  undeulahlc  and  conspicuous,  and  it  in  now 
by  every  astronomer,  at  the  rate  of  about  11"  in 
ry,  and  her  diange  of  longitude  increases  in  the 
ite  ratio  of  tlic  times. 
Various  attempts  have  been  made  to  account  for  this 
aeedcraliun.  It  was  imagined  by  several,  that  it  was  owing 
ID  dw  resistance  of  the  eelentinl  spocei^,  which,  by  dhnin- 
cAinft  ihc  prc^tvssive  velocity  of  the  Moon,  caused  her  to 
&U  within  her  preceding  orbit,  approaching  tlie  Earth 
eoatiiiually  in  a  sort  uf  elliptical  spiral.  But  the  free  mo- 
tion of  tlic  tails  of  comets,  the  rare  matter  of  which  seems 
tu  tawt  with  DO  sensible  resistance,  rendered  this  cxpluna- 
tWi  onMii^rartory.  Others  were  disposed  to  think,  that 
gnwily  did  not  opiate  instantaneously  Ihrou^i  the  whole 
Httmt  oi'  its  influence.  The  application  of  this  principle 
*il  Mt*  wcm  to  be  obvious,  nor  its  effects  to  be  very  clear 
or  definbe. 

At  Iittt,  M.  de  la  Place  discovered  the  cause  of  this  per- 
pkung  fact ;  and  to  a  dissertation  read  lo  the  Royal  Aco- 
demy  of  Sciences  in  178fi,  he  shews,  that  the  acceleration 
of  ihtf  Muon's  mean  motion  necessarily  arisei  from  a  small 
K  in  the  eccentricity  of  the  Earth's  orbit  round  the 
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Sun,  which  is  now  diminishing,  and  will  continue  to  di- 
minish for  many  centuries,  by  the  mutual  gravitation  of 
the  planets.    He  was  led  to  the  discovery  by  observing,  in 
the  series  which  expresses  the  increase  of  the  lunar  period 
by  the  disturbing  force  of  the  Sun  (a  series  formed  of 
sines  and  cosines  of  the  Moon^s  angular  motion  and  their 
multiples),  a  term  equal  to  ^f  g  of  her  angular  motian 
multiplied  by  the  square  of  the  eccentricity  of  the  Earth^a 
orbit.      Consequently,    when    this    eccentricity    becomes 
smaller,  the  natural  period  of  the  Moon  is  less  enlarged 
by  the  Sunn's  action,  and  therefore,  if  tlie  Earth's  eccentri- 
city continue  to  diminish,  so  will  the  hinar  period,  and  this 
in  a  duplicate  proportion.    Without  entering  into  the  dis- 
cussion of  this  analysis,  which  is  abundantly  complicated, 
we  may  see  the  general  effect  of  a  diminution  of  the 
Earth's  eccentricity  in  this  manner.      The  ratio  of  the 
cube  of  the  mean  distance  of  the  Earth  from  the  Sun  to 
the  cube  of  her  perihelion  distance,  is  greater  than  the  ra- 
tio of  the  cube  of  her  aphelion  distance  to  that  of  the  mean 
distance.     Hence  it  follows,  that  the  increase  of  the  mean 
lunar  period,  during  the  smaller  distances  of  the  Earth 
from  the  Sun,  is  greater  than  its  diminution  during  her 
greater  distances ;  and  the  sum  of  all  the  lunations,  during 
a  complete  revolution  of  the  Earth,  exceeds  the  sum  of 
the  lunations  that  would  have  happened  in  the  same  time, 
had  the  Earth  remained  at  her  mean  distance  from  the 
Sun.     Therefore,  as  the  Earth'^s  eccentricity  diminishes, 
the  lunar  period  also  diminishes,  approximating  more  and 
more  to  her  period,  undisturbed  by  the  change  in  the  Sun^s 
action.     M.  de  la  Place  finds  the  diminution  in  a  century 
=  11",  135,  which  differs  little  from   that  assumed   by 
Mayer  from  a  comparison  of  observations.     This  centiurial 
change  of  angular  velocity  must  produce  a  change  in  the 
space  described,  that  is,  in  the  Moon'^s  longitude,  in  the 
duplicate  proportion  of  the  time,  as  in  any  uniformly  ac^ 
celerated  motion.     Therefore  ll^jlSS,  multiplied  by  the 
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iqniR  of  the  nombcr  of  centuries  forward  «■  backward, 
^  gire  the  oorrection  of  the  Mood's  longitude  computed 
hj  the  preaent  tables.  La  Place  finds,  that,  in  going  back 
ts  the  Chaldean  observations,  we  must  employ  another 
tarn  (nearly  A  of  a  second)  multiplied  by  the  cube  of  the 
somber  of  centuries.  With  these  corrections,  the  compu- 
nbon  of  the  Moon's  place  agrees  with  all  observations, 
ttoBBt  and  modem,  with  moat  wonderful  accuracy ;  bo 
ikt  there  no  longer  remains  any  phenomenon  in  the  8ya> 
ten  vhicfa  is  not  dedudble  from  the  NewtcHiiaa  gravita- 

196.  We  should,  before  condudbg  this  account  of  the 
pBtorbslians  of  the  planetary  motions,  pay  some  attention 
to  the  motions  of  the  other  secondary  planets,  and  particu- 
farij  of  Ju}Hter''s  satellites,  se^g  that  the  exact  knowledge 
if  tbtir  motions  is  almost  as  conducive  to  the  im^xxivement 
atungstioo  and  geography  as  that  of  the  lunar  motions. 
Bnt  there  is  no  room  for  this  discussion,  and  we  must  refer 
Id  die  ^ssertations  of  Wargentin,  Proeperin,  La  Place,  and 
oAen,  who  have  studied  the  operation  of  phyncal  causes  on 
dmefittle  planets  with  great  as»duity  and  judgment,  and 
vidi  die  greatest  success.  The  little  system  of  Jupiter  and 
hii  aklbtea  has  been  of  immense  service  to  the  philosophi- 
ol  rtudy  of  the  whole  solar  system.  Their  motions  are  bo 
i^id,  that,  in  the  course  of  a  few  years,  many  synodical 
pmdi  are  accompUshed,  in  which  the  perturbations  aria- 
JBf  bom  thdr  mutual  actions  return  agiun  in  the  same 
Oder.  Nay,  such  gynodical  periods  have  been  observed  as 
bring  the  wht^  system  ogtun  into  the  same  relative  ratua- 
dmofits  difibrent  bodies.  And,  in  cases  where  this  is  not 
KomUhf  accomplished,  the  defidency  introduces  a  small 
e  between  the  perturbations  of  any  period  and  the 
perturbations  of  the  preceding  one;  by 
vtudi  means  anoth^  and  much  longer  period  is  indicated,  in 
vlddi  this  difieioice  goes  through  all  its  varieties,  swelling 
to  a  maximum,  and  agtun  diminishing  to  nothing.    Thus 
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the  system  of  Jupiter  and  his  satellites,  as  a  sort  of  epiUMue 
of  the  great  solar  system,  has  suggested  to  the  sagacious 
philo8(^>her  the  proper  way  of  studying  the  great  system, 
namely,  by  looking  out  for  similar  periods  in  its  anomalies, 
and  by  bdkdly  asserting  the  reality  of  such  correspondiiig 
equations  as  gui  be  shewn  to  result  from  the  operation  of 
universal  gravitation.  The  fact  is,  that  we  have  now  the 
most  demonstrative  knowledge  of  many  such  periods  and 
equations,  which  could  not  be  deduced  from  the  obserrar 
tions  of  many  thousand  years. 

In  the  course  of  this  investigation,  M.  de  la  Grange  has 
made  an  important  observation,  which  he  has  demonstrated 
in  the  most  incontrovertible  manner,  namely,  that  it  nectS" 
saribf  results  from  the  small  eccentndty  of  the  planetary 
orbits-— thdr  small  inclination  to  each,  others— the  immeme 
bulk  of  the  Sun — and  from  the  planets  all  moving  in  one 
direction*->that  all  the  perturbations  tliat  are  observed,  nay 
all  that  can  exist  in  this  system,  are  periodical,  and  are 
compensated  in  opposite  points  of  every  period.  He  shews 
also  that  the  greatest  perturbations  are  so  moderate,  that 
none  but  an  astronomer  will  observe  any  difference  between 
this  perturbed  state  and  the  mean  state  of  the  system.  The 
mean  distances  and  the  mean  periods  remain  for  ever  the 
same.  In  short,  the  whole  assemblage  will  continue,  id- 
most  to  eternity,  in  a  state  fit  for  its  present  purposes,  and 
not  distinguishable  from  its  present  state,  except  by  die 
prying  eye  of  an  astronomer. 

Cold,  we  think,  must  be  the  heart  that  is  not  affected  by 
this  mark  of  beneficent  wisdom  in  the  Contriver  of  the 
magnificent  fabric,  so  manifest  in  selecting  for  its  connes^ 
ing  principle  a  power  so  admirably  fitted  for  continuing  le 
answer  the  purposes  of  its  first  formation.  And  he  must 
be  little  susceptible  of  moral  impression  who  does  not  fisel 
himself  higlily  obliged  to  the  Being  who  has  made  him 
capable  of  perceiving  this  display  of  wisdom,  and  lias  at- 
tadicd  to  this  percq)tion  sentiments  so  pleasing  and  de- 
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L"  in  which  n  planet  would  circulate  round 
llw  Kanh,  close  to  the  surface,  moving  about  17  times 
btcrthan  a  cannon  ball.  The  weight  ut'  the  body,  de- 
licting  it  Iti  feet  in  a  second,  just  keeps  it  in  tlie  circuin- 
fvnanx  of  a  circle  close  to  the  surface  of  the  £artb;  The 
Evtli,  turning  as  fast,  nill  have  the  plunet  always  imrae- 
didely  above  the  t>anic  point  of  il»  surface ;  and  the  planet 
■ffl  not  a|ipear  to  have  any  weight,  because  it  will  not  dc- 
Rod,  but  keep  hovering  over  the  same  spot.  If  tlie  ro- 
titba  were  sull  swifter,  every  thing  would  be  thrown  oS, 
ttwcaec  water  flirted  from  a  mop  briskly  whirled  round. 

SOO.  As  thtnga  are  really  adjusted,  this  docs  not  happen. 
Bat  jFCt  there  is  a  certiun  tneasureable  part  of  the  weight 
efany  body  expended  in  keeping  it  at  re^t,  in  the  place 
wbnv  it  lies  loose.  At  the  equator,  a  body  lying  on  tlie 
ground  describes,  in  one  second,  an  arch  of  1538  feet  near- 
ly. This  ileviates  from  the  tangent  nearly  j^^^  of  an  inch. 
Thii  IB  Tery  nearly  gig  jmrt  of  16,'j  feet,  the  space  through 
*lucb  gravity,  or  its  heaviness,  would  cause  a  etone  to  fall 
iadut  time.  Hence  we  must  infer  that  tiie  centnfugal 
UMWucy  arising  Irom  rotation  is  gj,  of  the  senuble  weight 
cf »  body  on  ilie  etiuator,  and  gjj  of  its  real  weight.  Were 
llu  body  therefore  taken  to  the  pole,  it  would  manifest  a 
gitater  heaviness.  If,  at  the  equator,  it  drew  out  the  scale 
tf  >  "pring  steelyard  to  the  divi^on  288,  it  would  draw  it 
tn  180  at  the  pole. 

301.  M.  Uicher,  a  French  mathematician,  going  to 
Cayrane  in  1672,  was  directed  to  make  some  astronomical 
■^•otattoos  tliorc,  and  was  provided  with  a  pcuduluni 
doek  for  this  purpose,  lie  found  that  liis  clock,  which  had 
Wi  carefully  adjusted  lo  mean  time  ut  I'aris,  lust  above 
'*«  minutes  every  day.  and  he  was  obliged  to  shorten  the 
pnultduni  Vn  of  an  inch  before  it  kept  right  time.  Hence 
■M  ooodudul,  that  a  heavy  body  dropped  at  Cayenne 
*<uiM  not  fall  193  inches  in  a  second.  It  would  fall  only 
_^t  lOSIJ.     Richer  intmediately  wrote  an  account  of  this 
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very  singular  diminution  of  gravttj.  It  was  scouted  by  al- 
most all  the  philosophers  of  Europe,  but  has  been  con- 
firmed by  many  repetitions  of  the  experiment.  Here  then 
is  a  direct  proof  that  the  heaviness  of  a  body,  whether  con- 
sidered OS  a  mere  pressure,  or  as  an  accelerating  fbroe,  is 
employed,  and  in  part  expended,  in  keeping  bodies  united 
to  a  whirling  planet. 

SOS.  These  considerations  are  not  new.  Even  in  ancient 
times,  men  of  reflection  entertained  such  thoughts.  The 
celebrated  Roman  general  Polybins,  one  of  the  most  intel- 
ligent philosophers  of  antiquity,  is  quoted  by  Strabo,  as 
saying,  that  in  consequence  ef  the  Earth^s  rotation,  every 
body  was  made  lighter,  and  that  the  globe  lYself  swelled  out 
in  the  middle.  Were  it  not  so^  says  he,  the  waters  of  the 
ocean  would  all  run  to  the  shores  of  the  torrid  zone,  and 
leave  the  polar  regions  dry.  Dr  Hooke  is  the  first  modem 
philosopher  who  professed  this  opinion.  Mr  Huygfaena, 
however,  is  the  first  who  gave  it  the  proper  attention.  Oc- 
cupied at  the  time  of  Richer^s  remark  with  his  pendulum 
clocks,  he  took  great  interest  in  tliis  observation  at  Cayenne, 
and  instantly  perceived  the  true  cause  of  the  retardation  of 
Richer's  clock.  He  perceived  that  pendulums  must  vibrate 
more  slowly,  in  proportion  as  their  situation  removes  them 
farther  from  the  axis  df  the  Earth ;  and  he  assigned  the 
proportion  of  the  retardation  in  different  places. 

303.  Resuming  this  subject  some  time  after,  it  occurred 
to  him,  that  unless  the  Earth  be  protuberant  all  around 
the  equator,  the  ocean  must  overflow  the  lands,  increasing 
in  depth  till  the  height  of  the  water  compensated  for  its 
diminished  gravity.  He  considers  the  condition  of  the 
water  in  a  canal  reaching  from  the  surface  of  the  equator 
to  the  centre  of  the  Earth  (suppose  the  canal  C  Q,  Fig. 
5.)  and  there  communicating  with  a  canal  C  N  reaching 
fpotn  the  centre  to  the  pole.  The  water  in  the  last  must 
reUunall  its  natural  gravity,  because  its  particles  do  not 
describe  circles  round  the  axis.     But  every  particle  in  the 
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BCQ  reaching  to  the  surToce  of  the  equator  must 
a  we^ht  diminished  in  proportion  to  its  distance 
e  centre  of  the  globe.  Therefore  the  whole  dimi- 
■  will  be  the  some  as  if  each  particle  lost  lialf  as  much 
•tfw  outetmost  particle  loses.  This  is  very  plain.  There- 
in these  two  columns  cannot  balance  each  other  at  the 
eealnr,  unles  the  cquatoreal  column  be  longer  than  the 
poLr  codnnu  bv  s^-g  (for  the  extremity  of  this  column  loses 
lit  of  its  wdght  by  (he  centrifugal  force  employed  in  the 
Malion) 

Bciiig  an  excellent  and  zealous  geometer,  this  subject 
wmed  to  merit  hb  serious  study,  and  he  investigated  the 
fern  that  the  ocean  must  acquire  so  as  to  be  in  cquiUbrio. 
Thb  he  did  by  toquiring  what  will  be  the  position  of  a 
t  in  any  latitude.  This  be  knew  must  be  pcrpen- 
r  to  the  surface  of  still  water.  On  the  supposition  of 
J  directed  to  the  centre  of  the  Earth,  and  equal  at  all 
8  front  that  centre,  he  constructed  the  meridional 
!,  which  should  in  every  point  have  the  tangent  per- 
ir  to  the  direction  of  a  plummet  determined  by  him 
*  dUK  principles. 

flOL  At  this  very  time,  another  circumstance  gave  a 
ptn^  interest  to  this  question  of  the  figure  of  the  Earth. 
The  magnificent  project  of  measuring  the  whole  arch  of 
llie  meridian  which  passes  through  France  was  then 
furpa^  on.  It  seemed  to  result  from  the  comparisaa 
tf  the  lengths  of  the  difl'erent  portions  of  tliis  arch, 
llm  the  degrees  increased  as  ihey  were  more  southerly. 
T(w  made  the  academicians  employed  in  the  measun>< 
■m!  coodude  tliat  the  Earth  was  of  an  egg-like  shape. 
This  was  quite  incomjuttiblc  with  the  reasoning  of  Mr 
Unyglicni.  The  contest  was  curied  on  for  a  long  while 
with  great  pertinwity,  and  some  of  the  first  matheuiatl- 
■  of  the  age  abetted  the  opinion  of  those  astronomers, 
K  iwnour  of  France  was  mude  a  parly  in  the  dispute. 
I  of  Mr  lluyghcnf,  the  greatest  ornament  nf 
i  III.  0 
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Uieir  academy,  could  not  prevail;  indeed  his  ipferenco 
were  such,  in  some  respects,  that  even  the  impartial  mathe> 
matiicians  were  dissatisfied  with  them.  The  form  nvhidi 
he  assigned  to  the  meridian  was  very  remarkable^  coDfiiMBtf 
ing  of  two  paraboloidal  curves,  which  had  their  vertei(  in 
the  poles,  and  their  branches  intersected  each  other  i^  the 
equator,  there  forming  an  angular  ridge,  elevated  about 
seven  miles  above  the  inscribed  sphere.  No  such  ridge 
had  been  observed  by  the  navigators  of  that  age,  who  had 
often  crossed  the  equator.  Nor  had  any  person  on  shore 
at  the  line  observed  that  two  plummet?  near  each  other 
were  not  parallel,  but  sensibly  approached  each  other.  All 
this  was  unlike  the  ordinary  gradations  of  nature,  19  which 
we  observe  nothing  abrupt. 

305.  While  this  question  was  so  keenly  agitated  in 
France,  Mr  Newton  was  engaged  in  the  sp^ulapons  whiph 
have  immortalized  his  name,  and  it  was  to  him  an  interest* 
ing  thing  to  know  what  form  of  a  whirling  planet  was  cam* 
patible  with  an  equilibrium  of  all  die  forces  whidi  act  on 
its  parts.  He  therefore  took  the  question  up  in  its  Biost 
simple  form.  He  supposed  the  planet  completely  fluid, 
and  therefore  every  particle  is  at  Uberty  to  change  its  place, 
if  it  be  not  in  perfect  equilibrium.  The  particles  all  attract 
one  another  with  a  force  in  the  inverse  duplicate  ratio  of 
tlie  distance,  and  they  are  at  the  same  time  actuated  by  a 
centrifugal  tendency,  in  consequence  of  the  rotaUon ;  or, 
to  express  it  more  accurately,  part  of  those  mutual  attract 
tions  is  employed  in  keeping  tlie  particles  in  their  different 
circles  of  rotation.  He  demonstrated  that  this  was  pos»^ 
blc,  if  the  globe  have  the  form  of  an  elliptical  spheroid, 
compressed  at  the  poles,  and  protuberant  at  the  equator 
5  Jx  part  of  the  axis.  He  also  pointed  out  the  phenomena 
by  which  this  may  be  ascertained,  namely,  the  variation  of 
gravity  as  we  recede  from  the  equator  to  the  poles,  shew- 
ing that  the  increments  of  sensible  gravity  are  as  the  squares 
of  the  sines  of  the  latitude.     This  can  easily  be  decided  by 


ofmauaU  yfith  nico  pendulum  clocks.  He  shewed  also 
dut  tJit  Kuiaioiug  gravity,  ou  diSercnt  parU  q(  the  £arLli's 
huTkc,  U  inversely  iirupurUonal  tu  the  disLouce  from  the 
naIR»  wbeu  estimated  in  the  direction  of  the  centre,  &c. 
it  His  ilcmoDstration  of  the  precise  elliptical  form  coii- 
Mi  in  proving  two  things :  Isi,  That  on  ilii^  supposition, 
gairity  ifr  always  perp«3ndicular  tu  die  surfoct  of  the  sphe- 
tad:  ii\.  That  nil  rc-ctilineal  canald  leading  from  the  centre 
hi  the  fiurfiwe  will  Wauce  one  another.  Tbei-etbre  tho 
■eeop.  wiU  autiaiain  its  form. 

It  m*  Hme  tanic  before  the  philosophy  o£  Newton  oould 
{•Etail  iit  Vcancc  oitr  the  hypothesis  of  the  French  philo- 
mfba  Da  Carter;  and  the  great  mathematician  Ber- 
Doofit  endeavoured  to  Hiiew  tliat  the  oblong  form  of  the 
Earth  wbidi  had  been  demonstrated  (he  says)  by  the 
ummtrcmctit  ot'  the  degrees,  was  the  d}(x:l  of  the  pressure 
«f  tlie  vortices  in  which  the  Earth  was  carried  about. 

906.  Air  liemiann,  a  matlieuiatician  of  most  respectable 
a^b,  took  another  view  of  the  question  of  die  tignre  of 
lliil&rtk.  Newton  had  demonstrated,  in  the  most  con- 
^wang  m&iincr.  that  particles  gravitated  to  the  centre  of 
unlor  solids,  or  portions  of  a  soUd,  with  forces  propor- 
Umills  (Jinrdifitanccs  from  the  centre.  Hermann  availed 
luOMlf  of  thia,  and  of  another  theorem  of  Newton  founded 
nil,  viz.  tliat  superiiciul  gravity  in  different  lolitudes  is 
■tetvely  as  the  distance  from  the  centre.  But  he  obaerved 
ihtt  Ncwtnn  had  by  no  ixieans  demonstrated  the  elliptical 
fcm,  but  had  merely  assumed  it,  or,  as  it  were,  guessed  at 
t-  litis  i-s  indeed  true,  and  his  application  is  made  by 
Hm  of  ihc  vulgar  rule  of  fal*e  po§iiion.  Hermann, 
Amferc,  set  himaclf  to  inquire  what  form  a  fluid  will 
Mone  wbmi  ttiriiiiig  round  an  axis,  its  particles  situated  in 
'lie  mau  diameter  gravit^ung  to  the  centre  projwrlionaJly 
•*  ihftir  dU(aa<»,  yet  cxhihitiug  a  superficial  gravity  in 
'■AiCDt  [Mils  inverwiy  us  tlie  distance  from  the  centre. 
Htftum)  it  to  be  an  eUipsr,  with  such  a  prutubcruncy. 
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that  the  radius  of  equator  is  to  the  semtaxis  in  tht  subdupS 
licate  ratio  of  the  primitive  equatorcol  gravity  to  the 
mfuning  equatoreal  gravity.  This  gives  the  same  pTOpm 
tion  of  the  axes  which  had  been  assigned  by  Huyghi 
thoufrh  accompanied  by  a  very  different  form.  He  ti 
inverted  his  process,  and  demonstrated  the  perpendicularity 
of  gravity  to  the  surface,  the  equiUbrium  of  canals, 
some  other  conditions  that  appeared  indispensable ;  and  bt 
found  aU  right.  This  confirmed  him  in  his  theory,  and  hp 
found  fault  with  Dr  D.  Gregory,  the  commentator  cf 
Newton,  for  adhering  to  Newton's  form  of  the  elli[)se.  He 
de6ed  them  to  point  out  any  fault  in  bis  own  deinoastn> 
tioD  of  the  elliptical  figure,  and  considered  tliis  as  suffiont' 
for  proving  die  inaccuracy  of  the  Newtonian  conjecture 
for  it  could  get  no  higher  name. 

BO7.  By  very  slow  degrees,  the  French  academidmibe- 
gaii  to  acknowledge  the  compressed  form  of  the  Earth,  and 
to  re-examine  their  observations,  by  which  it  had  seemed 
that  the  degrees  increased  to  the  southward.  They  oo» 
affected  to  find  that  their  measurement  had  been  good,  but 
that  some  circumstances  had  been  overlooked  in  the  cdcu* 
lations,  which  should  have  been  talcen  into  tlie  accoui 
But  they  were  not  aware  that  they  were  now  vlndicMii 
the  goodness  of  their  instruments,  and  of  th«r  eye^tt 
the  expence  of  their  judgment.       \ 

Alt  these  things  made  the  problem  of  tlie  figure  ot  tl 
Earth  extremely  interesting  to  the  great  mathematical  [ito> 
losophers.  Newton  took  no  part  in  the  further  discusa(n,t 
being  satis:fied  with  the  evidence  which  he  had  for  his  o» 
determination  of  the  precise  species  of  the^  tercaqtieoi 
spheroid.  His  philosophy  gradually  acquired  the  ascen 
ancy ;  but  tlie  comparison  made  of  the  degrees  of  the  ma 
dian,  argued  a  smaller  ellipticity  tlian  he  had  as^gned 
the  Earth,  on  the  supposition  of  uniform  density  and  p 
mitive  fluidity.  He  had,  however,  sufficiently  pointed  0 
the  varieties  of  ellipticity  which  might  arise  from  a 
eucc  of  density  in  the  inlerior  parts.     These  were  acquit 
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adki  tad  the  mutlieinalicians  speculated  on  Uie  ways  by 
vhicli  the  observations  aad  tbe  tlieory  of  universal  gravita- 
tinnigfat  be  adapttnl  to  each  otlier.  But,  alt  this  while, 
pml  problem  was  considered  as  too  difficult  to  be 
1  any  case  remarkably  deviating  from  a  sphere ; 
n  thia  uase  was  solved  by  Newtoii  and  his  Ibllowerfl 
b  on  indirect  manner. 

.  The  first  person  who  attempted  a  direct  general 
,  was  Mr  Jnmes  Stirling.  In  1735,  he  communi- 
CMcd  to  iJk  Royal  Society  of  London  two  elegant  propo* 
stioiu,  (but  without  denionstratiun)  which  determine  the 
tona  of  tt  homi^neous  spheroid  turning  round  its  axis, 
Hid  irhich,  when  applied  to  the  particular  case  of  the  Earth, 
ptffectly  coincided  with  Newton's  determination.  In  1737, 
Hr  riBtmut  communicated  to  our  Royal  Society,  and  also 
to  iho  Royal  Academy  at  Paris,  very  elaborate  and  elegant 
ptr&rniuK-es  on  liie  same  subject,  which  he  afterwards  en- 
Urgnl  in  n  separate  pubHcation.  This  is  the  complelest 
•nrk  on  the  subjcci,  and  is  full  of  the  mOsl  curious  and 
n^Oabte  research,  in  which  are  discussed  all  the  circum- 
MaocBS  which  can  afii'Cl  the  question.  It  is  also  remark- 
kUt  Jiv  an  example  of  candour,  very  rare  among  rivals  in 
tne.  The  author,  in  extending  his  memoir  to  a 
mplele  work,  quits  his  own  method  of  investi- 
I  remarkable  for  its  perspicuity  and  neal- 
r  that  of  anotlier  mathematician,  because  it  was  su- 
i  this  with  unatfected  acknowledgment  u(  its 
The  results  of  Clairaut's  tl)eory>  perfectly 
B  with  the  Ncwlonian  theory,  making  the  eqiiatoreal 
r  to  the  polar  diameter  as  231  to  2:)0,  though  it  is 
f  by  oil  the  mathematicians,  that  Newton's  method 
X  of  being  inaccurate.  So  true  is  the  saying  of 
loutli.  when  treating  this  subject  in  his  theory 
'  The  sagacity  of  Ifutl  great  man  (Newton) 
y  through  a  mitt  what  Qtheri  can  scarcely  dis- 
Mtgh  a  micTQtcope." 
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Mr  Stirling  had  said,  that  the  revolTing  figure  was  not 
an  accurate  elliptical  spheroid,  but  approached  infinitely 
near  to  it  Mr  Clairauf  s  solutions,  in  most  cases,  suppoee 
the  spheroid  very  nearly  a  sphere,  or  suppose  lines  and 
angles  equal  which  are  only  very  nearly  so.  Without  this 
allowance,  the  treatment  of  the  problem  seemed  impracti- 
cable. This  made  Mr  Stirling'*s  assertion  more  credited ; 
and  we  apprehend  that  it  became  the  general  opnion,  that 
the  sdutions  obtainable  in  our  present  state  of  mathemati- 
cal knowledge  were  only  approximations,  exact  indeed,  to 
any  degree  that  we  please,  in  the  cases  exhibited  in  the 
figures  of  the  planets,  but  still  they  were  but  approxinuu 
tions. 

309.  But,  in  1740,  Mr  M^Laurin,  in  a  dissertation  on 
the  tides,  which  shared  the  prize  given  by  the  Academy 
of  Paris,  demonstrated,  in  all  the  rigour  and  elegance  of 
ancient  geometry,  that  an  homogeneous  elliptiad  spheroid, 
of  (my  eccentricity  whatever j  if  turning  in  a  proper  tine 
round  its  axis,  will  for  ever  preserve  its  form.  He  gave 
the  rule  for  investigating  this  form,  and  the  ratio  of  its 
axes.  His  final  propositions  to  this  purpose,  are  the  same 
that  Mr  Stirling  had  communicated  without  demonstration. 
This  performance  was  much  admired,  and  settled  all  doubts 
about  the  figure  of  a  homogeneous  spheroid  turning  roimd 
its  axis.  It  is  indeed  equally  remarkable  for  its  amplicity, 
its  perspicuity,  and  its  elegance.  Mr  M^Laurin  had  no 
occasion  to  prosecute  the  subject  l)eyond  this  simple  case. 
Proceeding  on  his  fundamental  propositions,  the  mathemati- 
cal philosophers  have  made  many  important  additions  to  the 
theory.  But  it  still  presents  many  questions  of  most  difii* 
cult  solution,  yet  intimately  connected  witli  the  plienomena 
of  the  solar  system. 

In  this  elementary  outline  of  physical  astronomy,  we 
cannot  discuss  those  things  in  detail.  But  it  would  be  a 
capital  defect  not  to  include  the  general  theory  of  the  figure 
of  planets  which  turn  round  their  axes.     No  more,  how- 
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ever,  will  be  attempted  than  to  shew  that  a  homogeneous 
effipdcal  spheroid  will  answer  all  the  conditions  that  are 
leqiiiKd,  and  to  give  a  general  notion  of  the  change  which 
a  Tiriahle  density  will  produce  in  this  figure.^ 

The  following  lemma,  from  Mr  M^Laurin,  must  be  pre- 
ttttsecL 

310.  Let  AEBQ  dj\d  aebq  (Fig.  37.)  be  two  con- 
eentric  and  amilar  ellipses,  having  their  shorter  axes 
AB  and  ab  coindding.  Let  P  a  L  touch  the  interior  el- 
lipse in  the  extremity  a  of  the  shorter  axis,  to  which  let 
P  K,  a  diord  of  the  exterior  ellipse  be  parallel,  and  there- 
fare  equaL  Let  the  chords  of  and  ag  of  the  interior 
dfipse  make  equal  angles  with  the  axis,  and  join  their  ex- 
tremities by  the  chord  fg  perpendicular  to  it  in  i.  Draw 
PF  and  P  G  parallel  to  of  and  ag^  and  draw  F  H  and 
P I  perpendicular  to  P  E. 

Then,  P  F  together  with  P  G  are  ecjual  to  twice  a  t, 
when  P  F  and  P  G  lie  on  different  sides  of  P  K.  But  if 
they  are  on  the  same  side  (as  P  F'  and  P  G')  then  zai  \s 
ctpial  to  the  difference  of  P  F'  and  P  G'. 

Draw  K  k  parallel  to  P  G  or  ag*,  and  therefore  e<;iual  to 
PF,  being  equally  inclined  to  K  P.  Draw  the  diameter 
MC^s  bisecting  the  ordinates  K  A',  P  G,  and  ag^  in  m,  ^, 
and  js,  and  cutting  P  K  in  r;. 

By  similarity  of  triangles,  we  have 

Km:Kn  =  P^:Pw,  =az:aC^  =  ag :  a  ft, 


•  The  student  will  consult,  with  advantage,  tlid  original  disserta- 
tioni  of  Mr  Clairaut  and  Mr  ISrLaurin,  and  the  great  additions  made 
by  Ae  last  in  his  Taluahle  work  on  Fluxions.  The  Cosmographta  of 
Frisiuj,  also  contains  a  very  excellent  epitome  of  all  that  has  been 
done  before  his  time ;  and  the  Mechanique  Celeste  of  Im  Place,  con- 
ttioi  some  Terv  curious  and  recondite  additions.    A  work  of  F»  B<U'» 

0 

nvich,  on  the  figure  of  the  Earth,  has  peculiar  merit.  This  author, 
by  employing  geometrical  expressions  of  the  acting  forces,  wherever 
it  can  be  done,  gives  us  very  clear  ideas  of  the  subject. 
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Therefore  Km+Ps:Kn  +  Fn  =  ae:abf 

and  Kk(pTFF)+T?G:iFK=ftag:iab, 

and  PF  +  PG:2a^==2PK:2aJ; 

and^  by  similarity  of  triangles,  we  have 

PH  +  PI:2af=2PK:2aJ. 
But,  2PK  =  2aft.     Therefore  PH  +  PI  =  2af,  and 
PF  — PH'  =  2af'. 

811.  Let  the  two  planes  A G^B  (Fig.  38.)  AEeB, 
intersecting  in  the  line  A  B,  and  containing  a  very  small 
angle  6  A  E,  be  supposed  to  comprehend  a  thin  elementa- 
ry  wedge  or  slice  of  a  solid  consisting  of  gravitating  matter. 
If  two  planes  G  P  E,  F  P  D,  standing  perpendicularly  on 
the  plane  A Dd  B,  contain  a  very  small  angle  EPD,  they 
will  comprehend  a  slender  or  elementary  pyramid  of  this 
slice,  having  its  vertexinP,  and  a  quadrilateral  baseGEDF. 
If  two  other  planes  gp  e^  ff  d,  be  drawn  from  another 
pcrint  p,  respectively  parallel  to  the  planes  GF'E^^pd^ 
they  will  comprehend  another  pyramid,  having  its  sides 
parallel  to  those  of  the  other,  and  containbg  equal  angles, 
and  the  elementary  pyramids  F  P  E,  J'p  e,  may  therefore 
be  considered  as  similar.  The  base  g  e  df  is  not  indeed 
always  parallel  and  similar  to  G  E  D  F.  But  for  each  of 
them  may  be  substituted  spherical  surfaces,  having  their 
centres  in  P  and  in  p^  and  then  they  will  be  similar. 

The  gravitation  of  a  particle  P  to  the  pyramid  G  P  D 
is  to  the  gravitation  of  p  to  the  pyramid  gp  d  as  any  side 
P  D  of  the  one  to  the  homologous  side  pd  of  the  other. 
This  is  evident  by  what  has  already  been  shewn. 

The  same  proportion  will  hold  when  the  absolute  gravi- 
tation in  the  direction  of  the  axis  of  the  pyramid  is  estimated 
in  any  other  direction,  such  as  P  m.  For  drawing  p  n  pa- 
rallel to  P  m,  and  the  perpendiculars  Dm,  dn,  it  is  plwi 
that  theratio  PD:pd=Pf;i:p  w,  =  Dm:dn. 

This  proposition  is  of  most  extensive  use.  For  we  thus 
estimate  the  gravitation  of  a  particle  to  any  solid,  by  re- 
solving it  into  elementary  pyramids ;  and  having  found  the 
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to  each,  and  reduced  them  all  to  one  direction, 
tiw  ^fgreglto  of  the  reduced  forces  is  the  whole  gravita- 
liia  of  ibe  {article  estimated  in  that  direction.  The  ap- 
pGotion  of  tliia  is  greatly   expedited  by   the  foUoning 

3li-  Two  particles  similavly  situated  in  respect  of  umi- 
iir  loGds,  that  ia  to  say,  situated  in  similar  points  of  homo- 
bfous  lines,  have  their  whole  gravitations  proportional  to 
my  homologous  lines  of  the  solids. 

For,  Wtf  t3ui  draw  through  the  two  particles  straight  Unes 
timdarlT  pouted  in  respect  of  the  solids,  and  then  draw 
pluies  paaunj;  through  those  lines,  and  through  similar 
punia  of  the  solids.  The  sections  of  the  solids  made  by 
linae  two  planes  must  be  similar,  for  they  are  similarly 
pbccd  ui  similar  solids.  We  can  then  draw  other  planes 
iluaugb  the  same  two  straight  lines,  containing  witli  the 
fanner  plnnL-a  very  small  equal  angles.  The  sections  of 
ihcM  two  planes  wtil  also  be  similar,  and  liiere  will  be  com- 
pnheiuled  between  them  and  the  two  tbrmer  planes  similar 
^oef  (if  the  two  solids. 

Wff  can  now  divide  the  slices  into  two  serieses  of  similar 
FTTimidi,  by  drawing  planes  such  as  GPE,  gpc>  and 
ffHtJ'pd,  of  Fig.  S8.  the  points  P  and/)  being  suppo- 
ad  in  difiereut  lines,  related  to  each  of  the  two  sohds.  By 
iWivMonings  employed  in  the  last  proposition,  it  appears 
thu,  when  the  whole  of  each  Hlioe  is  occupied  by  such  pyra- 
nads  ihe  gravitalJona  to  the  corresponding  pyramids  are 
«U  in  uoc  proportion.  Therefore,  the  graviiatiou  com- 
fModcd  of  them  all  is  in  tlie  same  proportion.  As  tliei 
•bolt  of  each  of  the  two  similar  slices  may  be  thus  occu|Hed 
<>;  wricws  of  umilur  and  similarly  situated  pyramids,  so 
w  whole  of  each  of  tlie  two  similar  solids  may  be  occupied 
>f  unilar  iliccs,  consisting  of  such  pyramids.  And  as  the 
"Bipound  gravitations  to  those  slices  are  amilarly  formed, 
w;  are  noloniy  in  the  proportion  of  the  homologous  linea 
« tin  to&ds,  but  they  are  also  in  similar  directions.    There. 
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fore,  finally,  the  gravitatioos  compounded  of  these 
ptrand  grsvitaUooE  are  smUiirl;  cotupounded,  and 
the  same  proportion  aa  any  honwkigous  tints  of  the 

These  things  being  premiwd,  we  prooeed  to  doiukle*! 
particular  case  of  elliptical  spheroids. 

313.  LctAEBQ,  acbq  (Fig.  37.)  be  concentric 
similar  ellipses,  which,  by  rotatioo  round  their  shorter 
AaAB,  generate  similar  concentric  sphernds..  Vfe 
notice  the  following  particulars. 

91 1.    (a)    A  panicle  r,  on  the  surface  of  the  inb 
^•beroid,  has  no  tendency  to  move  in  any  direction  in 
sequence  of  its  gravitation  to  the  matter  contained  beli 
the  surfacra  of  the  exterior  and  interior  spheroida 
drawing  through  r  the  straight  line  V  rl  G,  it  is  (11 
nate  to  some  diameter  C  At,  vhidi  bisects  it  in  «. 
part  r  t  comprehended  by  the  interior  spheroid  is  i 
oixltnate  to  the  same  diameter,  and  is  bisected  in  «.    ' 
fore  P  r  is  equal  to  t  G.     Now,  r  may  be  fxtnceiTed  m 
the  Tertex  of  two  nmilar  cones  or  pyramids,  on  the  c 
mon  axis  P  r  G.      By  what  was  demonslralcd  in  art.  i 
and  311,  it  appears,  that  tlie  gravitation  of  r  to  the  nu 
of  the  cone  or  pyramid,  whose  axis  is  r  P,   is  equal 
oppodic  to  the  gra%-itation  to  the  matter  contained  in 
^frustum  of  the  similar  cone  or  pyramid,  whose  tcaaut 
As  this  Ls  true,  in  whatever  direction  P  r  G  be  dn 
through  r,  it  follows,  that  r  is  in  eipiiliSrio  in  erety* 
rection,  or  it  has  no  tendency  to  move  in  any  dJrectioiL 

315.  (6)  TIk  gravitaticxis  of  two  particles,  P  anf 
(Fig.  S9.)  sluated  in  one  diameter  P  C,  are 
al  to  their  distance  F  C,  p  C,  ftxnn  the  centre;  I 
the  gravitation  of  /i  is  the  same  as  il'  all  the  natter  I 
tween  tlie  surfaces  A  £  RQ  and  aebq  wcncaway  (I^f 
last  article),  and  thus  P  and  p  are  siinilariy  situated  oBl 
uiilar  solids:  and  PC  and  ^  C  are  liomologous  litiB 
those  solids ;  and  the  proposition  is  true,  by  sect.  319- 
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^c)  AD  particle!'  equally  distant  from  tlic  plaitt  o( 
&e  equator  gravimte  towards  that  plane  with  ei|ual  Ibrces. 
Lvt  P  be  the  partitlc,  (Fig.  37.)  and  1' «  a  line  per- 
pcndicaUf  to  the  axis,  and  parallel  tu  tlic  equator  £  Q. 
Id  I* d  be  perpeudictilar  to  tia'  equator.  Let  ae  bg  he 
At  wdioa  of  a  concentric  and  similar  spheroid,  iiaving  its 
ads  B  A  cobicidiog  with  A  B.  Di-awing  any  ia-dinate  ^/g 
la  tbetKnacierui  of  the  interior  ellipse,  join  oyand  aff, 
and  dn«  P  F  and  P  <1  parallel  to  a /"  and  a  ff,  and  ihere- 
fimmiddaf  equal  angles  tritli  Pii  K.  Let^^  cut  ab  la 
i,  and  dnw  F  H,  G  I,  perpendicular  to  F  I. 

Tiw  lines  P  F  oekI  P  G  may  be  ooaaidered  as  tlie  a?;cs 
vt  two  vtry  dender  pyramids,  comprehended  between  the 
Jlltne  of  tiic  figure  and  auotlier  plane  intersecting  it  in  tbc 
faw  FaL,  and  making  with  it  a  very  minute  angle. 
'Dtiae  pyramids  are  constituted  according  to  the  condi- 
lima  described  in  art  8U.  The  lines  aj',  ag,  are,  in  like 
■raMR*,  the  axes  of  two  pyr.tmids,  whose  ^des  are  parallel 
tolUne  of  P  V  and  P  G.  The  gravitation  of  P  to  the 
nUer  oootained  in  tlie  py  runiids  P  F  and  F  G,  and  the 
puliation  of  a  to  the  pyramids  aj'  and  ag,  are  as  the 
umPF,  PG,  a  J',  aud  ug-,  respectively.  These  gravi- 
WioM^  estimated  in  the  direction  P(/,  aC,  perpendicular 
to  the  equator,  are  as  the  lines  P  H,  PI,  ai,  ai,  respec- 
tvdjf.  Now  it  has  been  shown,  (aiO.)  that  PH  +  P  I 
W equal  U)  ai  ■\-  ax.  Therefore  the  giavitalions  of  P 
to  Ibis  pair  of  pyramids,  when  estimated  perpendicularly 
In  the  equator,  is  equal  to  the  gravitation  of  a  to  the  cor- 
"^KKuling  pyramids  lying  un  the  interior  ellipse  aebq. 

It  i(  L-iideni,  that  by  carrying  the  ordiaateyg*  along 
ale  wbole  diumi-tcr  from  A  to  a,  the  lines  of,  ag,  will  di- 
iv^  Bidrv  and  more  (always  equally)  fi-om  a  b,  and  ibw 
PJiamiils  of  which  tlicw  lines  are  the  a\es,  will  thus  occu- 
py the  whole  aur&ce  of  the  iiiU'rior  ellipse.  And  the  py- 
wnadi  oo  (be  kuh  F  F  and  P(i,  will,  in  liko  niatoatT, 
"Wipy  tlu-  wliolc  of  the  exterior  ellipse.     It  is  aW  k\\- 
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dent,  that  the  whole  gravitation  of  P,  estimated  in  the  di- 
reetion  Vdj  arising  from  the  combined  gravitations  to 
every  pair  of  pyramids  estimated  in  the  same  direction,  is 
equal  to  the  whole  gravitation  of  a,  arising  from  the  com- 
bined gravitation  to  every  corresponding  pair  of  pyramids. 
That  is,  the  gravitation  of  P  in  the  direction  P  d  to  the 
whole  of  the  matter  contained  in  the  elementary  slice  of 
the  spheroid  comprehended  between  the  two  planes  which 
intersect  in  the  line  P  a  L,  is  equal  to  the  gravitation  of  a 
to  the  matter  contained  in  that  part  of  the  same  slice  whidi 
lies  within  the  interior  spheroid. 

But  this  is  not  confined  to  that  slice  which  has  the  d- 
lipse  A  £  B  Q  for  one  of  its  bounding  planes.  Let  the 
spheroid  be  cut  by  any  other  plane  passing  through  .the 
line  P  a  L.  It  is  known  that  this  section  also  is  an  eUipse, 
and  that  it  is  concentric  with,  and  amilar  to  the  ell^Me 
formed  by  the  intersection  of  this  plane  with  the  interior 
sphennd  aebq.  They  are  concentric  similar  ellipses,  al- 
though not  similar  to  the  generating  ellipses  AEBQ  and 
aebq.  Upon  this  section  may  another  slice  be  formed  by 
means  of  another  section  through  PaL,  a  little  more 
oblique  to  the  generating  ellipse  AEBQ.  And  the  soli- 
dity of  this  section  may,  in  like  manner,  be  occupied  by 
pyramids  constituted  according  to  the  conditions  mentioned 
in  art.  312. 

From  what  has  been  demonstrated,  it  appears  that  the 
gravitation  of  P  to  the  whole  matter  of  this  slice,  estimated 
in  the  direction  perpendicular  to  PaL,  is  equal  to  the 
gravitation  of  a  to  the  matter  in  the  portion  of  this  slice 
contained  in  the  interior  spheroid. 

Hence  it  follows,  that  when  these  slices  are  taken  in 
every  direction  through  the  line  PaL,  they  will  occupy 
the  whole  spheroid ;  and  that  the  gravitation  of  P  to  the 
matter  in  the  whole  soUd,  estimated  perpendicularly  to 
P  a  L,  is  equal  to  the  gravitation  of  a  to  the  matter  that  is 
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aatuDcd  in  the  iDtenor  Rj^eroid,  estimsted  in  the  aame 

Thia  gravitation  vill  ccrtsinly  be  in  the  direction  per- 
wittlifiilar  to  the  plane  of  the  equator  of  the  two  splieroids. 
ftr  the  liices  trhicli  compose  the  aolitl,  all  passing  througli 
ibe  geaenting  ellipse  A  E  B  Q,  may  be  taken  in  pairs, 
(wdi  pair  oonsiBting  of  equal  and  similar  slices,  c(]ually  in- 
Aaed  to  the  plane  of  the  generating  eUipe.  The  gravita- 
liOBft  to  each  slice  of  a  pair  are  equal,  and  equally  inclined 
to  <b»  pbne  A  E  B  ^.  Therefore  they  compose  a  gravi- 
MJoo  in  ihe  directbn  which  bisects  the  angle  contained  by 
d*  dieca,  ibat  is,  in  the  direction  of  the  plane  A  E  B  Q, 
aifmaUd  to  its  axis  A  B,  or  perpendicular  to  the  equa- 
tar. 

tSraOk  >Ii  this  it  foUons,  that  the  gravitation  of  P  to  the 
iMb  tpberoid,  when  estimated  In  the  direction  P  (/  per- 
|WWlii  iilfti  to  the  plane  of  its  equator.  Is  equal  to  the  gra- 
nWiaa  of  a  to  the  interior  spiierold  aebq,  which  is  cvi- 
dtntly  in  the  same  direction,  being  directed  to  the  cen- 
tnC 

In  tike  manner,  tlie  gravitation  of  another  particle  P'  (in 
thebsoPaL),  in  a  direction  perpendicular  to  ihe  equa- 
tor of  the  spheroid,  la  equal  to  the  gravitation  of  a  to  the 
iDtenor  spiierold  aebq;  for  P'  may  be  conceived  as  on 
Ikaurfarc  of  a  concentric  and  similar  spheroid.  When 
lbu>  siluatcx),  it  is  not  affected  by  the  matter  in  the  sphe- 
nidal  stratum  without  it,  and  tlierefore  its  gravitation  la 
tobeeatinuied  in  the  same  way  with  that  of  the  particle 
P.  CuDSpquently,  the  gravitation  of  P  and  of  P',  csti- 
nWcd  in  a  direction  perpendicular  to  the  equator,  are 
Mjuil,  each  being  equal  to  the  central  gravitation  of  a  to 
llw spheroid  atbq.  Therefore,  all  jiarticles  equidistant 
fiwn  iJic  equator  gravitate  equally  toward  il, 

317.  {d)  By  reasoning  in  tlie  same  manner,  we  prove, 
tWthc  gravitation  of  a  particle  P  In  the  direction  Pa, 
popendicular  lo  tlic  axis  A  B,  k  cijual  to  the  gravjution 
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of  the  particle  d  to  the  concentric  similar  spheroid  d^q/^i 
and  therefore  all  particles  equidistant  from  the  axis  gravis- 
tate  equally  in  a  direction  perpendicular  to  it 

318.  (e)  The  gravitation  of  a  partide  to  the  tptMomi^ 
estimated  in  a  direction  perpendicular  to  the  equator,  «l 
perpendicular  to  the  axis,  is  proportional  to  its  distance 
from  the  equator,  or  from  the  axis.  For  the  grsritatioa 
of  P  in  the  direction  P  d  is  equal  to  the  gravitation  of  a 
to  the  spheroid  aebq.  But  the  gravitation  of  a  to  tiie 
spheroid  aehq,  is  to  the  gravitation  of  A  to  AEBQ  as 
a  C  to  A  C  (S12.)  Therefore  the  gravitatioa  of  P  in  the 
direction  P  d  is  to  the  gravitatioa  of  A  to  the  spheroid 
AEBQas  aCtoAC,  orasPd  to  AC;  and  the  same 
may  be  proved  of  any  other  particle.  The  gravitation  of 
A  is  to  the  gravitation  of  any  parbcle,  as  the  distance  AC 
is  to  the  distance  of  that  particle.  All  particles,  there&tey 
gravitate  towards  the  equator  proportionally  to  their  dim* 
tanccs  from  it. 

In  the  same  manner  it  is  demonstrated,  that  the  gravi- 
tation of  E  to  the  spheroid  in  the  direction  £  C  perpendi- 
cular  to  the  axis,  is  to  the  gravitation  of  any  particle  F  in 
the  same  direction  as  E  C  to  P  a,  the  distance  of  that  par- 
ticle from  the  axis. 

Therefore,  &c. 

319-  C/*)  W^  ^^  "o^  Able  to  ascertain  the  direction 
and  intensity  of  the  compound  or  absolute  gravitation  of 
any  particle  P. 

For  this  purpose,  let  A  represent  the  gravitation  of  the 
particle  A  in  the  pole,  and  £  the  gravitation  of  a  particle 
£  on  the  surface  of  the  equator ;  also,-  let  the  force  with 
which  P  is  urged  in  the  direction  P  d  be  expressed  |by 'the 
symbol ^  P  d,  and  let ^  Pa  express  its  tendency  in  the 
direction  P  a.     We  have, 

f,  Pd:  A  =  Pd:  AC 
and  A  :  E  =  A  :  E 

and      E  :  /,  P  a  =  E  C  :  P  rt.     Therefore 
f,  Prf:/,Pa  =  Pdx  A><£C:  AC  x  £  x  p^. 
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NcfWf  iBftke  dC  :<29  =  AxEC:  ExAC,  and  draw 
Fv.  Wehavenow/,  Pd:^  Pa  zzPdxdC  :  Paxdr, 
=  Pd  xPa:  Paxdr,  =Pd  :  dr.  P  is  therefore 
uiged  by  two  forces,  in  the  directions  P  d  and  P  a,  and 
these  forces  are  in  the  proportion  of  P  d  and  d  v.  There- 
fore the  compound  force  has  the  direction  P  v. 

Moreover,  this  compound  force  is  to  die  gravity  at  the 
fdky  or  the  gravitation  of  the  particle  A,  as  P  z;  to  A  C. 
For  the  force  P  o  is  to  the  force  Pd-as  V  v  toPd;  and 
the  foroe  PdbtoAasPd  to  AC.  Therefore  the  force 
PvistoAaaPotoAC. 

In  like  manner,  it  may  be  compared  with  the  force  at  E. 
Make  <t  C  :  a«  =  £  x  C  A  :  A  x  C  E.  We  shall  then 
kave^  P a  : ^  P  d  =  P a  :  a  w ;  and  the  force  in  the  di- 
netiDD  P  a,  when  compounded  with  that  in  the  direction 
fi,  form  a  force  in  the  direction  P  Uy  and  having  to  the 
kne  at  £  the  proportion  o(Fu  to  £  C. 

Thus  have  we  obtained  the  direction  of  gravitation  for 
my  individual  particle  on  the  surface,  and  its  magnitude 
when  eompared  with  the  forces  at  A  and  at  E,  which  are 
supposed  known. 

S20.  (ff)  But  it  is  necessary  to  have  the  measure  of  the 
accumulated  force  or  pressure  occasioned  by  the  gravita- 
tion of  a  column  or  row  of  particles. 

Draw  the  tangent  £  T,  and  take  any  portion  of  it,  such 
as  £T,  to  represent  the  gravitation  of  the  particle  E.  Join 
CT,  cutting  the  perpendicular  d^  in  ^.  Since  the  gravi- 
tations of  particles  in  one  diameter  are  as  their  distances 
bom  the  centre  (S15.)  d^  will  express  the  gravitation  of  a 
particle  d.  Thus,  the  gravitation  of  the  whole  colunm 
£C  will  be  represented  by  the  area  of  the  triangle  C  E  T, 
and  the  gravitation  of  the  part  £d,  or  the  pressure  exerted 
by  it  al  d,  is  represented  by  the  area  E  T  M.  We  may 
aho  conveniently  express  the  pressure  of  the  column  £  C 

,.p,    EXEC        ,.    ...  Ax  AC 

ai  L  by  — 2 ,  and  m  like  manner,  ^ expresses 
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the  weight  of  the  column  AC,  or  the  pressure  exerted  b} 

at  C. 

Should  we  express  the  gravitation  of  E  by  a  line  £  1 
equal  to  E  C,  the  weight  of  the  whole  column  E  C  wouk 

EC* 

be  expressed  by  —3—9   and  that  of  the  portion  Ed  bj 

EC*— dC«       ,     .           -ErfxdQ      ,„  , 
5 ,  or  by  Its  equal — -.      We  see,    also 

that  whatever  value  .we  assign  to  the  force  E,  the  gravita 
tions  or  pressures  of  the  columns  E  C  and  E  d  are  propor- 
tional to  EC*,  and  EC*  — dC«,  or  to  EC*  and  Ed^dQ 
This  remark  will  be  frequently  referred  to. 

321.  From  these  observations  it  appears,  that  the  twi 
columns  AC  and  E  C  will  exert  equal  or  unequal  pressurei 
at  the  centre  C,  according  to  the  adjustment  of  the  force 
in  the  direction  of  the  axis,  and  perpendicular  to  the  axis 
If  the  ellipse  do  not  turn  round  an  axis,  then,  in  otdei 
that  the  fluid  in  the  columns  A  C  and  E  C  may  presi 
equally  at  C,  we  must  have  AxAC  =  ExEC,  or  AC 
:  E  C  =  E  :  A.  The  gravitation  at  the  pole  must  be  tc 
that  at  the  equator,  as  the  radius  of  the  equator  to  the  se 
miaxis.  But  we  shall  find,  on  examination,  that  such  1 
proportion  of  the  gravitations  at  A  and  E  cannot  resul 
solely  from  the  mutual  gravitation  of  the  particles  of  a  ha 
mogeneous  spheroid,  and  that  this  spheroid,  if  fluid,  anc 
at  rest,  cannot  preserve  its  form. 

322.  The  six  preceding  articles  ascertun  the  mechanica 
state  of  a  particle  placed  any  where  in  a  homogeneow 
spheroid,  inasmuch  as  it  is  affected  solely  by  the  mutuai 
gravitation  to  all  the  other  particles.  We  arc  now  to  in- 
quire what  conditions  of  form  and  gravitating  force  wil 
produce  an  exact  equilibrium  in  every  particle  of  an  ellip 
tical  spheroid  of  gravitating  fluid  when  turning  round  iti 
axis.  For  this  purpose,  it  is  necessary,  in  the  first  plaoe, 
that  the  direction  of  gravity,  aflected  by  the  centrifugal 
force  of  rotation,  be  every  where  perpendicular  to  the  sur- 
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fm  of  the  spheroid,  odierwise  the  waters  woiiW  flow  off 
Imrerd  thai  quarter  to  which  gravity  irichne«.  Secondly, 
jU  ouuls  rcacliing  from  the  centre  to  the  surface  must 
Wmce  tl  the  centre,  otherwise  the  preponderating  co- 
htam  will  Bttbsicle,  and  press  up  the  other,  and  the  form  of 
Aeturface  will  change.  And,  lastly,  any  particle  of  the 
iriKile  muB  must  be  m  equilibrio,  being  equally  pressed  in 
ttfy  diKctJoD.  Theae  three  conditions  seem  sufficient 
fat  eamioiig  the  equilibrium  of  the  whole, 

3B3.  These  conditions  will  be  secured  in  an  elliptical 
flisd  i^tbnoid  of  uniform  density  turning  round  its  axis, 
jf  lhe,gravUg  at  tfie  pole  be  io  the  eipialorial  gravity,  di- 
9i»Mid  h*/  the  cenirifitgoi  firce  arising  from  the  rota- 
liM,  oj  iAt  radius  of  the  equator  to  the  semtaxia. 

We  shall  first  demonstrate,  that  in  this  case  gravity  will 
htew7  "'hc'^  perpendicular  to  the  spheroidal  surface. 

Letji  express  the  jwlar  gravity,  c  the  primitive  equato- 
liil  grsTtty,  and  c  the  centrifugal  force  at  the  surface  of 
llif  (quator,  and  let  e  —  c,  ^  *,  be  the  sensible  gravity 
RDiining  at  the  equator.  Then,  by  hypotbesis,  we  have 
P :  I  ^  C  E  ;  C  A.  Considering  the  state  of  any  indivi- 
il«nl  particle  P  on  the  surface  of  the  spheroid,  wc  perceive, 
iai  that  part  of  its  compound  gravitation  which  is  in  a 
dimiioQ  perpendicular  to  the  plane  of  the  equator  is  not 
Acted  by  the  rotation.  It  still  is,  therefore,  to  the  force 
f  It  tho  pole  as  P  (f  to  AC  (SIS.)  But  the  other  consti< 
tuent  of  tlie  whole  gravitation  of  P,  which  is  estimated 
ptrpendicular  to  the  axi-s,  is  diminished  by  the  centrifu- 
pJ  fcrar  of  rotation,  and  this  diminution  is  in  proportion 
to  lb  dxttance  from  the  axis,  that  is,  in  proportion  to  this 
phnittve  constituent  of  iu  whole  gravitation.  Therefore, 
iamimning  gravity,  in  a  direction  perpendicular  to  the 
«rii,  a  still  in  ihe  proportion  of  its  distance  from  it.     And 

*fa  b  (lie  ease  wilii  every  individual  particle.     Each  par- 

"•le,  therefore,  may  still  be  considered  as  urged  only  by 

'•>fwc«;  one  of  which  is  jtcrjiendicular  to  the  equator, 

Im..  in.  p 


226  PHYSICAL  A8TB0MMT. 


and  propdrtioDal  to  its  distuice  finom  it;  and  the  other 
perpendicular  to  the  axis,  and  proportional  to  its  (fistaa 
from  it.  Therefeie,  if  we  draw  a  line  P  t^  ii,  so  that  d 
may  betodv  Bap  >c  £  C  to  t  ^  AC,  Pv  will  be  die  < 
reotion  of  the  compound  force  of  gravity  at  P,  as  aftct 
by  the  rotation. 

But  by  hypothesis  p  :  «  =  £  C  :  AC ;  thersifare  jp 
£C:ix  AC=^  £C*:  AC«,  and  EC*:  AC«  =  d^ 
dVy  =  Tu:Fv^  But,  by  conic  sections,  if  P«»  be  to  ] 
as  £  C*  to  AC,  the  line  P  t;  v  is  perpendicular  to  the  ti 
gent  to  the  dlipse  in  the  pcnnt  P,  and  therefore  to  1 
spheroidal  surface,  or  to  the  surface  of  the  still  ocean. 

Thus,  then,  the  first  concfition  is  secured,  and  the  i 
perficial  waters  of  the  ocean  will  have  no  tendency  to  bk 
in  any  direction.    Having  therefore  ascertained  a  suitai 
direction  of  the  affected  gravitation  of  P,  we  may  next 
quire  into  its  intennty. 

324,  The  sensible  gravity  of  any  8upa*ficial  partick 
is  every  where  to  the  polar  gravity  as  the  line  P«  ( 
nonnal  terminating  in  the  a3d8)  to  the  radius  of  meridio 
cuivature  at  the  pole ;  and  it  is  to  the  sensible  graviQ 
the  equator  as  the  portion  P  t^  of  the  same  normal  ter 
Dating  in  the  equator  is  to  the  radius  of  meridional  cui 
ture  at  the  equator.  For  it  was  shewn  (31 9.)  to  be  to 
force  at  £  as  P  u  to  E  C.  If,  therefore,  the  radius  of 
equator  be  taken  as  the  measure  of  the  gravitation  thi 
P  u  will  measure  the  sensible  gravitation  at  P.  And  si 
the  ultimate  situation  of  the  point  ti,  when  P  is  at 
pole,  is  the  centre  of  curvature  of  the  ellipse  at  A,  the 
dius  of  curvature  tliere  will  measure  the  polar  grav 
That  is,  the  sensible  gravity  at  the  equator  is  to  the  | 
vity  at  the  pole,  as  the  radius  of  the  equator  to  the  rac 
of  polar  curvature.  By  a  perfectly  similar  process  of  i 
8oning»  it  is  proved,  that  if  the  gravity  at  the  pole  be  n 
sured  by  A  C,  the  gravity  at  P  is  measured  by  P  t?,  . 
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by  the  radios  of  curvMure  of  the  ellipK  in 

9ZS.  Cbr.  1.  Tbe  aenaible  gravity  in  every  point  P  of  the 
nnfice  is  rcdprocallj  as  the  perpendicular  C  t  from  tlie 
MMie  on  the  tmgcBt  in  that  point.  For  every  where  in 
iIwfOipM,  C^X  PM=-CE%andC(xPn  =  CA',  as 
s  well  known. 

S98L  Cor.  2.  The  eentral  gravity  of  every  superficial 
{■nicle  P,  that  is,  ite  absolute  gravity  F  u,  or  P  tt  estimat- 
ed in  As  diiection  P  C,  is  inversely  propDrtionsl  to  ita  dis> 
tMCe  film  tbe  centre,  tliat  is,  the  central  gravity  at  F  is  to 
Ehe  ORttiml  gravity  atEasECtoFC,  and  to  the  polar 
|n*ity  w  A  G  to  P  C.  For,  if  the  gravity  P  u  be  reduced 
t*  dw  dircctiDa  F  C  by  drawing  vo  perpendicular  to  C  P, 
Pf  wiD  Dewure  this  central  gravity.  Now,  it  is  well 
laowit  that  Po  X  PC  ia  every  where=  AC';  and,  in 
Ovnuainer,  P-xPC  =  EC*.  Therefore  Po,  orP,, 
08  every  where  reciprocally  as  P  C. 

H«nce  it  follows  that  the  sensible  increment  of  gravity  in 
(ncBeduig  from  the  equatoi  to  the  pole  is  very  neariy  aa 
Avtquare  of  the  sine  of  the  latitude;  for,  without  enter- 
iBgim  a  more  curious  investigation,  it  is  plain  that  the 
urawieuts  of  gravity,  when  so  minute  in  comparison  with 
llto  •boh)  gravity,  are  ^-ery  nearly  as  the  decrements  of  the 
4€UD».  Now,  in  a  spheroid  very  little  compressed,  these 
famnenu  are  in  that  proportion.  It  may  be  dcmon- 
■nled  that  in  the  latitude  where  sin.'  =  ^,  namely,  lat. 
3P  IS',  the  gravity  is  the  some  as  to  a  perfect  sphere  of 
llw  Mmc  capacity,  having  for  its  radius  tlie  semidiamcter 
rfthe  etliiMU  in  that  pinnt.  It  is  also  a  disiinguishing  pro- 
FRty  d*  Ihtt  latitude  tliat,  if  this  semidiamcter  be  produced, 
fe  gravitation  (^  a  particle,  at  any  distance  in  this  direc- 
UoO)  IS  the  same  as  tu  a  perfect  sphere  of  tlie  same  capacity. 
Tki»  is  noi  (ho  case  in  any  other  direction. 

Si7.  C"or,  3.  Lastly,  the  ibrce  estiuialed  in  the  direction 
P4  is  lo  the  ibrcv  in  tho  direction  P  u  us  E  C-  X  P  d  to 
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AC*xPa.  For  we  had  (818.)^Pd:^Pa  =  Ax 
ECxPc2:ExACxPa,  which,  by  substituting/^  and 
^  for  A  and  E,  it  becomes  p  xECxPdi^xAC  XPo, 
=  EC«xPd:  AC%Pa. 

Hitherto  we  have  considered  only  the  particles  on  the 
surface  of  the  spheroid.  But  we  must  know  the  condition 
of  a  particle  any  where  within  it. 

3S8.  A  particle  p^  in  any  internal  point  of  a  diameter, 
has  its  sensible  gravity  in  the  direction  perpendicular  to  tbe 
surface  of  a  concentric  and  similar  spheroid  passing  through 
the  particle.  For  the  gravity  sXp  is  compounded  of  forces 
perpendicular  to  the  aus  and  to  the  equator,  and  propor- 
tional to  the  distances  from  them,  and  therefore  propor«- 
tional  to  the  similar  forces  acting  on  the  particle  P  (312.) 
Therefore  the  compound  force  of  p  will  be  parallel,  and 
in  the  same  proportion,  to  the  compound  force  P  t;  of  P, 
and  must  therefore  be  perpendicular  to  the  tangent  of  th^ 
surface  in  p.     li'isBspxf. 

3^9.  Cor,  Hence  we  must  infer  that  if  there  were  a 
cavern  at  /?,  containing  water,  the  surface  of  this  still  water 
would  be  a  part  of  the  spheroidal  surface  aebq.  Should 
this  cavern  extend  all  the  way  to  r  or  a,  the  water  should 
arrange  itself  according  to  the  surface;  or,  if  ^rp  be  a 
pipe  or  conduit,  the  water  in  it  should  be  still,  except  so 
far  as  it  is  affected  by  the  pressures  of  the  columns  A  a 
and  P  p  and  E  e  (these  pressures  will  be  proved  to  be 
equal.) 

It  would  seem,  from  these  premises,  that  if  the  elliptic 
cal  spheroid  consist  of  different  fluids,  which  do  not  mix, 
and  which  differ  in  density,  they  will  be  disposed  in  con- 
centric similar  elliptical  strata,  so  that  their  bounding  sur- 
faces shall  be  similar.  The  proof  of  this  seems  die  same 
with  what  is  received  for  a  demonstration  of  the  horizontal 
surface  of  the  boundary  between  water  and  oil  contained  in 
a  vessel.  Accordingly,  this  has  been  supposed  by  many  re- 
spectable writers,  as  a  thing  that  needed  no  other  prod*.  But 
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this  is  by  DO  means  the  case.  It  can  he  strictly  demonstrated 
that  the  denser  fluids  occupy  the  lowest  place,  and  that  the 
itnta  become  less  and  less  eccentric  as  we  approach  the 
oentie,  whne  the  ultimate  evanescent  figure  may  be  dcno- 
minated  a  sf^erical  point  It  may  be  seen,  even  at  pre- 
mt,  that  they  cannot  be  similar,  unless  homogeneous.  For, 
vithoat  this  ocmdition,  it  cannot  be  generally  demonstrated 
that  tbe  gravitation  of  a  particle  jp  to  the  equator,  and  to 
die  axisi  is  as  the  distance  from  them,  which  is  the  founda- 
tion of  all  the  subsequent  demonstrations. 

SSO.  In  the  next  place,  all  rectilineal  columns,  extending 
fiom  the  centre  to  the  surface,  will  balance  in  the  centre. 
For,  drawing  vo^Vo'  perpendicular  to  P  C,  it  is  plain  that 
P  0  and  p  cf  represent  the  gravities  of  P  and  p  estimated  in 
die  direction  P  C.  Now  Po  :  po' =  PC  :/7C.  There- 
ftre  tba  gravitation  of  the  whole  column,  or  the  pressure  on 

P  o     PC 
C,  is  represented  by  — 5 (320.)  Now,  in  the  ellipse 

PoxPC  =  CA%  a  constant  quantity.  Therefore  the 
peniue  of  every  column  at  C  is  the  same.  In  like  man- 
ner, tbe  pressure  of  the  columns  Cp  and  C  a  are  equal, 
and  therefore  also  the  pressures  of  Ppy  E  ^,  and  A  a,  at 
fi  ff  and  a,  are  all  equal. 

831.  Lastly,  any  particle  of  the  fluid  is  equally  pressed 
in  every  direction,  and  if  the  whole  were  fluid,  would  be  in 
Hfilibrioy  and  remain  at  rest 

To  jHTove  this,  let  Pjp  (Fig.  40.)  be  a  column  reaching 
fitm  P  to  the  surface,  and  taken  in  any  direction,  but,  first, 
in  one  of  the  meiidional  planes,  of  which  A  B  is  the  axis, 
od  £  Q  the  intersection  by  the  equatorial  plane.  In  the 
tngent  Aa  take  A  a  equal  to  £  C,  and  A  «  equal  to  A  C. 
Draw  aCe  and  «  C  •  to  the  tangent  £  1  at  the  equator.  It 
bevident  that  £  ^  =  A  C,  and  £  .  =  £  C.  Through  p 
ud  P  draw  the  lines  /?  L  /,  N  P  :s,  parallel  to  £  C,  and  the 
^p N ^,  I  P )  parallel  to  A  B.  Draw  also  I  K  A;  paral- 
W  to  E  C. 
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SiBce,  by  hypcdheas,  tbe  whole  forces  at  Aaad£a 
inversely  as  A  C  aad  £  C,  A  a  and  E  e  are  as  tbe  fi 
acting  at  A  and  E.  Consequently,  the  wci^bu  of  A 
columns  F  D,  L  Z,  and  E  L,  will  be  repreaenled  bji  it 
areasF/</D,  L/2Z,  and  Kl/JL  (JSO.) 

All  tlie  preisures  or  forces  which  act  o«  the  pvticlaa 
tbe  ccJumn  p  P  may  be  resolved  into  forces  actii^  p 
to  AC,  and  forces  acting  pwsilel  to  E  C,  and  tlB.-lt 
acting  on  eacli  particle  is  as  its  distance'  from  the  uiilB 
to  which  it  is  directed  (318.)  ThCTefore  the  whole  k 
with  which  the  column  p  P  is  pressed  in  the  ttirectioa  AG 
is  to  tl>e  furce  with  which  the  odumn  0  P  i^  pn 
same  direction,  ns  the  number  of  particles  in  pP  latbf 
number  in  O  P,  that  id,  as  p  P  to  0  P.  But  there  b  o^ 
a  port  of  tliis  force  employed  in  pressing  the  porticlw  in  tj» 
dtrectioa  of  the  canal.  Another  part  merely  yrfcitW, 
Buid  to  the  side  of  the  canal  p  P.  Draw  0  g  perpendieulf 
to  pV.  Tlie  force  acting  in  the  direction  A  C  on  any  pi 
tide  in  jj  P  is  to  its  efficacy  in  the  direction  p¥,  a*  0 f  6 
g  P,  that  is,  as  p  P  to  O  P.  Therefore,  the  pressure  v 
the  particle  P  sust^ns  in  the  direction  p  P  from  theai 
of  all  the  particles  in  p  P  in  the  direction  A  C,  is  fvee 
equal  to  the  pressure  it  sustains  from  the  action  of  ikf 
column  O  P,  acting  in  the  some  direction  A  C.  But  U 
been  shewn  (390.)  that  the  pressure  of  O  P  in  tlie  difCCtioK 
A  C  is  precisely  the  same  with  the  weight  of  tbe  coin 
LZ,  which  weight  is  represented  by  the  iu"ea  L.ixZ. 

In  the  very  same  manner,  the  whole  pressure  nn  Pil 
the  direction  p  P  ariang  from  the  pr«ssure  of  e«di  atlk 
particles  in  ^  P  in  the  direction  E  C,  is  precisely  the  ■ 
with  the  pressure  on  P,  arising  from  the  preasore  «f  ttl 
column  N  P  in  this  direction  E  C,  that  is,  it  is  eqoal  hi  di 
weight  of  the  column  F  D,  which  b  represented  by  dl 

Because    E'  is  equal    to    EC,    we   liave   FflD= 
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CP^Ciy       Lp^-J.O«       pOxOm      ^    ,  .    ,., 
— 5 »=         a 9=' — 5 .     And  m  uke 

lOxOf 
mamer,  K.xL=  — ^ — .     But^^O.xOm:  10 ^Oi 

c^£ C:  A C%  and  therefore 

F^i:K»xL=EC*:AC* 
lwtK.iL:KiZL=AC:EC 
«idF/V2D:F^)D  =  AC:EC,  therefore 

F/dD:  Ki/L  =  EC*  x  A  C«:  A  C«  x  E  CS 
that  i%  m  the  ratio  of  equality.    Now  the  area  E  £  /L  re« 
preienU  the  wdght  of  the  column  E  L,  or  the  pressure  ex- 
cfted  in  the  direction  A  C  by  the  column  I  0. 

Thus  it  appears  that  when  the  forces  acting  on  the  par* 
fides  in  the  column  p  P  are  estimated  in  the  direction  of 
the  canal,  the  pressure  exerted  on  the  particle  P  is  equal  to 
die  umted  pressures  of  the  columns  O  P  and  1 0  acting  in 
the  direction  A  C,  that  is,  to  the  pressure  of  the  fluids  in 
the  canal  I P  in  its  own  direction.*  Therefore  the  fluid  in 
the  canal  I  P  will  balance  the  fluid  in  the  canal  p  P,  and 
the  particle  P  wUl  have  no  tendency  to  move  in  either  di- 
leedon.  And,  since  this  is  equally  true,  whatever  may  be 
the  Erection  of  the  canal  P^,  or  P  «-,  it  follows  that  the 
ptrtide  P  is  equally  pressed  in  every  direction  in  the  plane 
of  die  figure,  and  would  remain  at  rest,  if  the  whole  sphe- 
raid  were  fluid. 

But  now  let  tlie  canal  P/)  be  in  a  plane  different  from  a 
naridional  plane  (as  in  Fig.  41.)  In  whatever  direction 
fp  is  disposed,  a  plane  may  be  made  to  pass  through  it. 


*  The  itudent  must  not  confound  this  with  a  composition  of  two 
pitviiKi  or  forces  N  P  and  O  P,  composing  a  pressure  or  force  p  P. 
There  is  no  such  composition  in  the  present  case.  It  is  only  meant 
^  the  pressure  in  the  direction  p  P  arising  from  the  gravitation  of 
^  fvtides  in  the  canal,  is  the  same,  in  respect  of  magnitude,  with 
^fNMure  in  the  direction  I  P,  arising  from  the  gravitation  of  the 
MilioIP. 
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reaacmable  objections.  The  great  mathematidAns  Aace  the 
days  of  Newton  have  done  little  more.  They  have  not  de- 
termined the  figure  that  a  fluid  sphere,  or  a  nucleus  cover- 
ed with  a  fluid,  must  assume  when  set  in  motion  round  iti 
axis.  But  they  have  added  to  the  number  of  oonditioiit 
that  must  be  implemented,  .in  order  to  produce  anoiker 
kind  of  assurance  than  an  elliptical  spheroid  will  answer 
the  purpose,  and  by  this  limitation  have  greatly  iqcreaaed 
the  difliculty  of  the  question.  M.  Clairaut,  who  has  caitied 
his  scruples  farther  than  the  rest,  requires,  besides  the 
three  conditions  which  have  been  shewn  to  connat  wkh 
the  permanence  of  the  elliptical  form,  that  it  also  be  de- 
monstrated, Imo,  That  a  canal  of  any  form  whatever  must 

■ 

every  where  be  in  equiUbrio :  Sdb,  That  a  canal  of  any 
shape,  reaching  from  one  part  of  the  surtiwe,  through  the 
mass,  or  along  the  surface,  to  any  other  part,  shall  exert 
no  force  at  its  extremities :  Stio,  That  a  canal  of  any  fomn 
returning  into  itself,  shall  be  in  eguilibrio  through  its  whole 
extent. 

S38.  I  apprehend  that  in  the  case  of  uniform  density  all 
these  conditions  are  involved  in  the  proposition  in  art.  (S31.) 
For  we  can  suppose'  the  canal  pP  o{  Fig.  41.  to  com- 
municate witli  the  canal  P  K  It  has  been  shewn  that  they 
are  i/i  equiUbrio  in  P.  The  canal  4  fi  may  branch  off  ficom 
P  ^  These  are  in  equiUbrio  in  the.  point  4.  The  canal 
3  m  may  branch  off  at  3,  and  they  will  be  sUll  tn  equHibrio ; 
and  the  canal  S  1  will  be  in  equiUbrio  with  all  the  forego* 
ing.  Now  these  points  of  derivation  may  be  multiplied,, 
till  the  polygonal  canal  pFA>32l  becomes  a  canal  of  con- 
tinual curvature  of  any  form.  In  the  next  place,  this  canal 
exerts  no  force  at  either  end.  For  the  equiUbrium  is  proved 
in  every  state  of  the  canal  p  P— -it  may  be  as  short  aa  we 
please— it  may  be  evanescent,  and  actually  cease  to  have 
any  length,  without  any  interruption  of  tlic  equilibrium^ 
Therefore,  there  is  no  force  exerted  at  its  extremity  to  dis- 
turb tlie  form  of  tlie  surface.    It  may  be  observed  tliat  th» 


FIOUftE  OF  THE  fLAKETS.  23S 

ice  proves  ihnl  the  direction  of  gravity  is 
(iapeiulii:ii!>r  to  tiie  eurface.  And  it  must  be  observed 
thst  liic  iH-rpendicuUrily  of  gravity  to  the  surliice  i«  not 
enploi'nl  id  denoDstrating  tliis  proportion.  Tbe  whole 
K9U  on  the  propuajtions  io  art.  316,  S17,  and  S18,  both  of 
vlucli  ve  owe  to  Mr  M'Lauriu. 

S3*.  Haring  now  dononstrsletl  the  competency  of  the 
riEpliwJ  cpberoid  for  the  rotulion  of  a  planet,  we  proceed 
to  iawsligiite  the  precise  proportion  of  diameters  which  is 
m|tiirod  for  any  proposed  rotation.  For  example,  What 
proltilMfBocy  of  the  equator  will  diffuse  the  ocean  of  this 
Satltt  giutbnuly,  consistently  with  a  rotation  in  93"  50' 
M'j  ibe  pUnet  being  uniformly  dense  F 

Latp  and  c  express  tbe  primitive  gravity  of  a  particle 
[jiwd  at  the  pole  and  at  the  surface  of  the  etjuatflr,  arising 
Mldjr  from  the  gravitation  to  every  particle  in  the  spheroid, 
■ml  let  c  represent  the  centrifugal  tendency  at  the  surface 
(ilbe  equator,  arising  from  the  rotation.  We  shall  have  ' 
10  elliptical  sphcrmd  uf  a  permanent  form,  if  AC  be  to  EC 
ut~-e  a  tap  (3:j3.)  We  must  therefore  find,  first  of  all, 
ihuit  tJie  proportion  of  p  to  e  resulting  from  any  propor- 
lioBarACtoEC. 

To  oooumplish  tliis  in  general  terms  with  preeision,  ap- 
pcwni  »o  difBcult  a  task,  even  to  Newton,  tliat  he  avoided 
it,  md  took  on  indirect  method,  which  his  sagacity  shewed 
Iw  to  be  jicrfectly  safe  ;  and  even  this  was  difficult.  It 
ii  in  tlt£  catiiplete  solution  of  this  problem  that  the  genius 
nTU'Lanria  has  shewn  itself  most  remarkable  both  for 
icutoieas  and  for  geometrical  elegance.  It  is  not  exceeded 
ijn  Uk  opnion  of  tlie  first  mathematicians)  by  any  thitig 
</Arclunicdc«  or  Apullonius.  For  this  reason,  it  is  to  be 
l^rttled  that  we  have  not  room  for  tbe  series  of  beautiful 
popaaliuns  that  arc  necessary  in  his  method.  We  must 
tike  a  •faortcr  course,  limited  indeed  to  spheroids  of  very 
ntll  ecMolricily  (whereas  tbe  method  uf  M'Laurin  m- 
Indi  tu  any  degree  of  eccentricity),  but  with  this  limita- 
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tioD,  perfectly  exact,  and  abundantly  easy  and  nmple. 
is,  in  its  chief'  steps,  the  metliud  followed  by  M.  Boscorii 

385.  Let  A  E  B  Q  (Fig.  42.)  represent  the 
spheroid,  nearly  spherical,  and  let  Af  B^and  £<iQi 
present  the  inscribed  and  circumscribed  spheres.  Wilhl 
axis  and  parameter  A  B  describe  the  parabola  A  ?\ 
drawing  the  onUnates  B  D  F,  E  C  H,  &c.  Describe  ■] 
the  curve  line  A I L  G,  such,  that  we  have,  in  everj'  poi 
of  it,  AB:AD  =  DF:DI;AB:AC  =  CH:CL,h 

Our  first  aim  shall  be  to  find  an  expression  and  valuei 
the  polar  gravity.  We  may  conceive  the  sphen»d  u 
sphere,  on  which  there  is  spread  the  redundant  matlff  co 
tained  between  the  spherical  and  the  spheroidal  Burfaoi 
We  know  the  gravitation  of  the  polar  particle  A  ID 
sphere,  and  now  want  to  have  tlie  measure  of  its  ffvrti 
tion  to  this  redundant  matter.  Suppose  the  figure  to 
round  the  axis  A  B.  The  semiellipsis  A  E  B  will 
a  spheroidal  surface ;  the  semicircle  A  f  B  i 
spherical  surface,  and  the  intercepted  portions  Pp, 
iic.  of  the  ordinatcs  will  generate  flat  rings  of  the  redvii 
ant  matter.  As  the  deviation  from  a  sphere  is  suj^mi 
very  small  (E  c  not  exceeding  the  500dth  part  of  E  Q,) 
may  suppose,  witTiout  any  sensible  error,  that  Af>  bd 
distance  of  A  from  the  whole  of  the  ring  generated  by 

Proceeding  on  this  assumption,  we  say  that  the 
tion  of  A  to  the  rings  generated  by  P^,   E  c,  &c.  b 
portional  to  the  portions  F  I,  H  I.,  S;c.  of  die 
jng  ordinates  I)  F,  CH,  &c.,  and  that  the  gravitatkni 
A  to  the  whole   redundant  matter  may  be  expressed 
the  surface   A  F  H  G  L I A  comprehended  between 
lines  AFHGandAILG. 

For,  the  absolute  gravitation  of  A  to  the  ring  P  ) 
directly  as  the  surface  of  the  ring,  and  inversely  aa  I 
square  of  its  distance  from  A.  Now,  the  surface  of  I 
ring  is  as  its  breadth,  and  its  drcumfcrence  jointly,  i 
lireodlli  P^,  and  also  its  circumference,  being 
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tioiial  to  D/i,  the  sur&ce  is  proportioiial  to  D  p'.     The 

afavdute  gravitation  is    therefore    prqx)rtioiial  to  -r^* 

This  oiay  be  resolved  into  forces  in  the  directions  A  D 
and  Dp.  The  force  in  the  direction  "Dp  is  balanced 
by  an  equal  force  on  the  other  side  of  the  axis.  There- 
fiie,  to  have  the  gravitation  in  the  direction  of  the  axis, 
the  value  of  the  absolute  gravitation  in  the  direction  Ap 
must  be  reduced  in  the  proportion  of  A  p  to  A  D.     It 

therefoce  becomes  ^\,  ^  ^    >-=     ^^   ^ — , or,  which 

Dp'xADxAp     ,,     *    .       *« 
B the  same thwg, -'^- ^^-4 ^'    ButAjp«  =  ABx 

AD,andA/i*  =  AB*xAm   Al8oDp«  =  ADxDB. 

«.  ..  t^  1  1  /.  -.!_  ADxDBxADxAp, 
TnoefiMre  the  value  last  found  becomes  — a  R^  v  A  D^ 

'vlich  is  equal  to,  or  the  same  thing  with    '   \  ui 

Sbee  A  B*  is  a  constant  quantity,  the  gravitation  in  the 
AredioQ  A  C  to  the  ring  generated  by  P  p  is  proportional 
toDBxAp. 

It  is  very  obvious  that  D  F,  C  H,  B  6,  &c.  are  respec- 
tivelj  equal  to  Ap,  A  f ,  A  B,  &c.  Therefore  the  gravita- 
tion to  the  matter  in  the  ring  generated  by  Pp  is  propor- 
tioBdtoDBxDF. 

Now,  by  the  construction  of  the  curve  line  A  L  6, 
wehtve  AB:AD  =  DF:DI 

therefore       AB:DB  =  DF:  IF 

tnd  ABxIF  =  DBxDF 

Therefore,  since  A  B  is  constant,  I  F  is  proportional  to 
DB  X  D  F,  that  is,  to  the  gravitation  to  the  ring  gcnerat- 
dhyPp.  Therefore  the  gravitation  to  Uie  whole  re- 
dundant matter  may  be  represented  by  the  space  A  H  G 
LA. 

I^  r  be  the  periphery  of  a  circle  of  wliich  the  ra- 
*w  is  1.    The  circumference  of  that  generated  by  E  e 


SS8  PKTBlCAIr  ASTBOMOmr. 

I 

mil  be  «*  X  C  ^,  and  its  surface  ss«^  xC^xEr, 
the  absdute   gravitation   to  it  is        ^  ^^ ^,  m 

— gXTii 9  that  is,  V^-p--    This,  when  reduced 

to  the  direction  AC  becomes  -^-r ttTj    tl^  *% 

a  V- — ^>  or,  o'x^  "  •  Andbecause A^  =  %AC*, 

and  L  H  =  i  C  H,  =  4  A  e,  the  reduced  gravitatkn  be- 

comes    2A&'  ^ ^ ^' 

This  being  the  measure  or  representative  of  the  gi»- 
^tation  to  the  material  sur&ce  or  ring  generated  by  E  e, 
the  gravitation  to  the  whole  redundant  matter  contained 
between  the  spheroid  and  the  inscribed  sphere  will  be  re* 

**  X  E  ^ 
presented  by -^p,   multiplied  by  the  space   oompi^ 

bended  between  the  curve  Fmcs  A  F  6  and  A  L  G.   We 
must  find  the  value  of  this  space. 

The  parabolic  space  AH6BA  is  known  to  be 
=  $ABxBG,  i^fAB*.  The  square  of  D I  is  pno- 
portional  to  the  cube  of  B  D.  For,  by  the  constnictioo 
of  the  curve  AB«:Aiy  =  DF*:  DP,  and  DP  = 
AD«xDF*  _AD2  DF*  _Aiy.  ^  A  ly 
AF  '"  ABr^AB'~AB^^'— XB' 
Therefore  D I  is  proportional  to  A  D|,  and  the  area  A  B 
6LAis  =  |  ABxB6,  =  ;AB^  Take  this  Iran 
the  parabolic  area  §  A  B',  and  there  remains  ^  AV  Sat 
the  value  of  A  L  6  H  A.    This  is  equal  to  |;  A  C*. 

Now,  the  gravitation  of  A  to  the  redundant  matter 


shewn  tobe  =  ALGHA  X  Vtt^*     ^^^  ^^^  ^ 
'  comes  { J  A  C  X  ^  .  .,^  j  or  i^j  »  x  Ee.      Such  is  the 
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gfavitttiofi  of  a  particle  in  the  pole  of  the  sphennd  to  the 
nadundsnt  iimtter  spread  over  the  inscribed  sphere. 

Ttkegrsvitation  of  a  particle  situated  on  the  surface  of 
the  equator  to  tlie  same  redundant  matter  is  not  quite  so 
obTKKn  as  the  polar  gravity,  but  may  bo  bad  with  the 
istoe  accuracy,  by  means  of  the  following  considerations. 

896.  Let  A  B  (1 6  (Fig.  43.)  represent  an  oblate  aphc 
rend,  formed  l>y  rotntinn  round  the  shorter  axis  B  6  of  the 
gtpurtiitg  ellip«e,  and  viewed  by  an  eye  situated  in  the 
ptane  of  its  equator.  Let  AEae  be  the  circumscribed 
sphere.  This  spheroid  is  deficient  from  the  sphere  by 
two  DieatKuses  or  cups,  generated  by  the  rotadon  of  the 
haule  A  E  o  B  A  and  A  e  a  6  A. 

Now,  iu[^oge  the  same  generating  ellipse  A  B  a  5  A  to 
lun  round  its  longer  axis  A  a.  It  will  generate  an  oblong 
qAenudi  loudiing  the  oblate  spheroid  in  the  whole  cir- 
[■■riiiiii  I  of  one  elliptical  meridian,  viz.  the  meridian 
A  B  a  ft  A  wliich  passes  through  the  poles  A  and  a  of  this 
ubloi^  spheroid.  It  touches  the  equator  of  the  oblate 
ipltaoid  only  in  the  points  A  and  a,  and  has  the  diameter 
K»  for  il>  axia.  This  oblong  spheroid  is  otherwise  wholly 
the  obbte  spheroid,  leaving  between  their  surfaces 
f  an  oblong  form.  This  may  be  belter 
liy  first  supposing,  that  both  the  spheroids  and 
arcumscribed  sphere  are  cut  by  a  plane  P  G  gp, 
rolar  to  the  axis  A  a  of  the  oblong  spheroid,  and 
^ihe  plane  of  the  equator  of  the  oblate  spheroid.  Now, 
nppow  that  the  whole  figure  makes  the  quarter  of  a  turn 
B  b  of  the  oblate  spheroid,  so  that  the  pole 
■  of  the  oblong  spheroid  comes  quite  in  frooL,  and  is  at  C, 
tgy*  of  the  spectator  beng  in  the  axis  produced.  The 
of  the  oblong  spheroid  will  now  appear  a  circle 
O,  touching  the  oblate  spheroid  in  its  poles  fi  and 
auctioa  of  t.hc  plane  P^  with  die  circmuscribcd 
will  nuw  appear  an  a  circle  1"  R  //  r.  Its  wctioo 
TO  Uic  oblatt.'  iphertad  will  iippi'ar  an  ellipse  B  G'  rg- 
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similar  to  the  generating  ellipse  A  B  a  &,  as  is  well  knowiL 
And  its  section  with  the  oblong  spheroid  will  now  appear 
a  drcle  IG'ig'  parallel  to  its  equator  OBob.  P p  is 
equal  to  F'p',  and  G^  to  G'^.  Thus  it  appears,  that 
as  every  section  of  the  oblate  spheroid  is  defident  from 
the  concomitant  section  of  the  circumscribed  sphere  by  the 
want  of  two  lunulse  B  P'  r  G'  and  Rp'rg',  so  it  exceeds 
the  concomitant  section  of  the  oblong  sphercnd  by  two  lu- 
nulse G'  B^  I  and  G'  rg'  i,  It  is  also  phdn,  that  if  these 
spheroids  differ  very  little  from  perfect  spheres,  as  what 
EB  does  not  exceed  7}^  of  Ef,  the  defidency  of  each 
section  G^  from  the  concomitant  secdon  of  the  dicum- 
scribed  sphere  is  very  nearly  equal  to  its  excess  above  the 
concomitant  section  of  the  inscribed  oblong  qphercud.  It 
may  safely  be  considered  as  equal  to  one-half  of  the  spofce 
contained  between  the  circles  on  the  diameters  P'  p'  and 
G'^',*  in  the  same  way  that  we  considered  the  lunuk 
A  P  E  B  ^j9  A  of  Fig.  42.  as  one-half  of  the  space  con- 
tained between  the  semicircles  A  ^  B  and  a  E  &. 

From  this  view  of  the  figure,  it  appears,  that  the  gm- 
vitation  of  a  particle  a  in  tlie  equator  of  the  oblate  sphe- 
roid to  the  two  cups  or  meniscuses  B  P  r  G'  and  IBip'r^^ 
by  which  the  oblate  spheroid  is  less  than  the  circumscribed 
sphere,  may  be  computed  by  the  very  same  method  that 
we  employed  in  the  last  proposition.  But  instead  of  oom- 
puting  (as  in  last  proposition)  the  gravitation  of  a  to  the 
ring  generated  by  the  revolution  of  P  G,  (Fig.  4S.)  that 
is,  to  the  surface  contained  between  the  two  circles  RP'rjp^ 
and  I  G'  i  g\  we  must  employ  only  the  two  lunula 
R  P'  r  G'  R  and  "Rp'rg'  B.  In  this  way,  we  may  account 
the  gravitation  to  the  deficient  matter  (or  the  deficiency  of 
gravitation)  to  be  one-half  of  the  quantity  determined  by 

*  For  the  circumscribed  circle  is  to  the  ellipse  as  the  ellipse  to 
the  inscribed  circle.  AVhen  the  extremes  differ  so  little^  the  geome* 
trical  and  arithmetical  mean  will  differ  but  insensibly. 

1 
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th«l  prapontioD,  and  therefore  =  ^  ^  xEeo£  Fig.  42. 
The  last  propositioQ  gave  us  the  gravitation  to  all  the  mat^ 
tor  by  which  the  qiheroid  exceeded  the  inscribed  sphere. 
The  present  proposition  gives  the  gravitation  to  all  the 
matter  by  which  it  falls  short  of  the  drcumscribed  sphere. 
S37«  We  can  now  ascertain  the  primitive  gravitation  at 
the  pole  and  at  the  equator,  by  adding  or  subtracting  the 
quantities  now  found  to  or  from  the  gravitation  to  the 
spheres.  Let  r  be  the  radius  of  the  sphere,  and  r  r  the 
diciimfmnoe  of  a  great  circle.     The  diameter  is  2r. 

o 

The  area  of  a  great  circle  is  — ,  and  the  whole  surface 

«f  the  sphere  is  S  rr*,  and  its  solid  contents  is  |  •-r'. 
Thenfiiiey  since  the  gravitation  to  a  sphere  of  uniform 
doMity  is  the  same  as  if  all  its  matter  were  collected  in  its 
KOtie,  and  is  as  the  quantity  of  matter  directly,  and  as 
As  square  of  the  distance  r  inversely,  the  gravitation  to  a 

fhere^iU  be  proportional  to  |  — —^  that  is,  to  g  r  r.* 

Noir,  let  A  £  B  Q  (Fig.  42.)  be  an  oblate  spheroid, 
vW  pedes  are  A  and  B.  The  gravity  of  a  particle  A 
to  the  iphere  whose  radius  is  A  C  is  §  «-  X  AC,  =  |  r  x 
EC  —  |,xE^,or§  «-x£C  —  j^«-xE«.     Add  to 


*  I  bag  leave  to  mention  here  a  circumstance  which  should  haTe 

ha  taken  notice  of  in  art.  810,  when  the  first  principles  of  apheri- 

^ttnetiona  were  esUblished.    It  was  shewn,  that  the  gravitation 

*f  tke  particle  P  to  the  sperical  surface,  generated  by  the  rotation  of 

Ae  ndi  A  ly  T,  is  equal  to  its  gravitation  to  the  surface  generated 

V  the  nution  of  B  D  T.    Therefore,  if  P  be  infinitely  near  to  A, 

*dMt  the  Borfaoe  generated  by  A  ly  T  may  be  considered  as  a  point 

*n^  particle,  the  gravitation  to  that  particle  is  equal  to  the  gra- 

^iMiBD  to  all  the  rest  of  the  surface ;  that  is,  it  is  one-half  of  the 

*Uc  giraritation.    If  we  suppose  F  and  A  to  coincide,  that  is,  make 

^neof  the  particles  of  the  surface,  its  gravitation  to  the  spherical 

^ftcewill  be  only  one-half  of  what  it  was  when  it  was  without  the 

"■i^;  snd  if  we  suppose  P  adjoining  to  A  internally,  it  will  cx- 

^  no  grtviution  at  all. 

Vol.  Ill,  Q 
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this  its  gravitation  i^  «-  x  £  ^9  to  the  redundant  matt 
The  sum  is  evidently  |«-x£C  —  <i^«-xEf. 

The  gravitation  of  the  particle  E  on  the  surface  of  t 
equator  to  a  sphere  whose  radius  isECisfrxE 
From  this  subtract  its  deficiency  of  gravitation,  viz.  yV  « 
E  e,  and  there  remains  the  equatorial  primitive  gravi^: 
!,xEC— ,*,*xE^. 

Therefore,  in  this  spheroid,  the  polar  graiity  is  to  t 
equatorial  gravity  as^v-xEC  —  ^'ja-xE^tolv  x  E 
—  1^  «•  X  E  f,  or  (dividing  all  by  §  «•)  as  E  C  — J  Ee 
•EC  —  I  E ^,  or  (because  E ^  is  supposed  to  be  ve 
small  in  comparison  with  EC)a8EC  to  EC  —  }E 
In  general  terms,  let  g  represent  the  mean  gravity,  p  t 
polar,  and  e  the  equatorial  gravity,  r  the  radius  of  the  i 
scribed  sphere,  and  a:  the  elevation  E  ^  of  the  equal 
above  the  inscribed  sphere.  We  have,  for  a  genond  c 
pression  of  this  proportion  of  the  primitive  gravitations) 
:  e^r  +  i  a: :  Tf  or  (because  a!  is  very  small  in  oompa; 
son  with  r)^  p  :  e=  r  :  r  —  }  x.  This  last  is  general 
the  most  convenient,  and  it  is  exact,  if  r  be  taken  for  tl 
equatorial  radius. 

338.  Had  the  spheroid  been  prolate  (oblong),  the  sail 
reasoning  would  have  given  us  p  :  e  =  r  :  r  +  1  x, 

I  may  add  here,  that  the  gravitation  at  the  pole  of  1 
oblong  spheroid,  the  gravitation  at  die  equator  of  an  oUi 
spheroid  (having  the  same  axes)  and  the  gravitation 
the  circumscribed  sphere,  on  any  point  of  its  surface,  a 
proportional,  respectively,  to  }^r  +  ^j  x;  hr  +  ^x;  ai 
hr+^x* 


*  Many  questions  occur,  in  which  we  want  the  gravitation  fll 
particle  P'  situated  in  the  direction  of  any  diameter  C  P  (Fig.  49 
Draw  the  conjugate  diameter  C  M,  and  suppose  the  spheroid  cot 
a  plane  passing  through  C  M  perpendicular  to  the  plane  of  the  figc 
This  section  will  be  an  ellipse,  of  which  the  semiaxes  are  C  M  a: 
C  £  («  r  +  x).    A  circle,  whose  radius  is  the  mean  propcartsOK 
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h  It  now  appears,  as  was  formerly  hinted,  (3S2.) 
re  cannot  have  an  elliptical  spheroid  of  uniform  den- 
in  which  the  gravitation  at  the  pole  is  to  that  at  the 
or  as  the  equatorial  radius  to  the  polar  radius.  Thb 
Lmakep:  tf  =  r:  r  — or,  a  ratio  five  times  greater  than 

rlucfa  results  from  a  gravitation  proportional  to  -s. 

iUS  have  we  obtained,  with  suifident  accuracy,  the 
cf  pdar  and  equatorial  gravity,  unaffected  by  any 
oil  fivoe ;  and  we  are  now  in  a  condition  to  tell  what 
ity  of  rotation  will  so  diminish  the  equatorial  gravita^ 
that  the  renudning  gravity  there  shall  be  to  the  polar 
:j  as  AC  to  £  C. 

I.  Let  c  be  taken  to  represent  the  centrifugal  ten- 
generated  at  the  surface  of  the  equator  by  the  ro- 
of the  planet  round  its  axis,  and  let  the  other  sym- 
e  retained.  The  sensible  gravity  at  the  equator  is 
i  the  polar  gravity  jp,  and  the  excess  of  the  equaUHial 
» above  the  semiaxis  r  is  x. 

I  have  shewn,  (337.)  that  the  primitive  gravities  at 
ok  and  the  equator  are  in  the  ratio  of  r  to  r  — -  }  4?, 
Bonse  47  is  in  a  very  small  part  of  r)  in  the  ratio  of 
' « to  r.      That  is,  r  :  r  +  }  x=:e:p.     This  gives 

+— -.  Therefore,  the  ratio  of  the  sensible  equato- 
•   or  ^ 


SI  C  M  and  C  F^^  has  the  same  area  with  this  section^  and  the 
itkm  to  this  circle  will  be  the  same  (from  a  particle  placed  in 
b)  with  the  gravitation  to  this  section.  TherefcNre,  as  the 
PC  M  is  very  nearly  a  right  angle^  the  gravitation  of  P'  to  the 
■d  will  be  the  same  with  its  ^lar  (or  axicular)  gravitation  to 
er  spheroid,  whose  polar  semiaxis  is  F  C«  and  whose  equatorial 
\  is  the  mean  proportional  between  C  M  and  C  £.  This  is 
computed.  If  the  arch  P  E  be  S£°  16',  a  sphere  having  the 
I F  C  has  the  same  capacity  with  the  spheroid  A  E  B  Q  (when 
K  wy  msll).    Hence  follows  what  was  said  in  the  note  on  art 
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M  am 

rial  gravity  to  the  gravity  at  the  pole  is  f  —  c  :  ^  +  — ,  or, 

Of" 

very  nearly,  e  :  e  +  - — be.     Therefore  we  must  have. 

for  a  revolving  sphere  of  small  eccentricity, 

ex 
e :  €+- — h  c  =  r :  r  +  « 
or 

and  c:--^  +c  =  r:  x 

or 

consequently,         faf=:  — +  rc  , 

-  '  ex      4f  ex 

and  ex—  -rr  or  —-—  =  re 

5  5 

and  4  c  «  =  6  r  c,  and  or  =  -r — 

X      S  c 
and  the  ellipticity  -  =  — ,  that  is, 

/bttr  times  the  primitive  gravity  at  the  equator  ii  to 
Jive  times  the  centrifugal  Jbrce  of  rotation  as  the  sewian^ 
to  the  elevation  of  the  equator  abaoe  the  inscribed  sphere^ 

841.  It  is  a  matter  of  observation,  that  the  diminutn^^ 
of  equatorial  gravity  by  the  Earth^s  rotation  in  S3^  Bff 
is  nearly  g|  g.  Therefore,  4  x  289  :  B  =  r  :  x  =  281  }  : 
very  nearly.      This  is  the  ratio  deduced  by  Newton 
his  indirect  and  seemingly  incurious  method.     That 
thod  has  been  much  criticised  by  his  scholars,  as  if  it  oouL'^ 
be  supposed,  that  Newton  was  ignorant  that  the 
tionality  employed  by  him,  in  a  rough  way,  was  not 
sarily  involved  in  the  nature  of  the  thing.     But  NewU^^^ 
knew  that,  in  die  present  case,  the  error,  if  any,  must 
altogether  insignificant.     He  did  not  demonstrate,  but 
sumed  as  granted,  that  the  form  is  elliptical,  or  that  an  e' 
liptical  form  is  competent  to  the  purpose.     His  justness 
thought  has  been  so  repeatedly  verified,  in  many  cases 
abstruse  as  this,  that  it  is  unreasonable  to  ascribe  it  to 
jecturc,  and  it  should  rather,  as  by  Dan.  Bcmoullii 
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Mcribed  to  his  penetratioii  and  sagacity.  He  had  so  many 
new  wimden  to  communicatei  that  he  had  not  time  for  ail 
die  fcininag  that  were  requisite  for  enabling  inferior  minds 
to  trace  his  steps  of  investigation. 

348.  When  considering  the  astronomical  phenQmenl^ 
lome  notice  was  taken  of  the  attempts  which  have  been 
Bade  to  dedde  this  matter  by  observation  alone,  by  mea- 
wring  degrees  of  the  meridian  in  different  latitudes. 

But  such  irr^uhuity  is  to  be  seen  among  the  measures 

of  a  degree,  that  the  question  is  still  undecided  by  Uiis 

netbod.    All  that  can  be  made  evident  by  the  comparison 

%  that  the  Earth  is  oblate,  and  much  more  oblate  than  the 

difae  of  Mr  Hermann ;  and  that  the  mediiun  deduction 

ilipnaches  much  nearer  to  the  Newtonian  form.     When 

^noollect,  that  the  error  of  one  second  in  the  estimation 

tf  die  latitude  induces  an  error  of  more  than  thirty  yards 

^  the  measure  of  the  degree,  and  that  the  fcHin  of  this 

fhheis  to  bcr  learned,  not  from  the  lengths  of  the  degrees, 

Iw  fiom  the  differences  of  those  lengths,  it  must  be  clear, 

tux  rakas  the  lengths,  and  the  celestial  arc  corresponding, 

he  ascertained  with  great  precision  indeed,  our  infer- 

of  the  variation  of  curvature  must  be  very  vague  and 

The  perusal  of  any  page  of  the  daily  observa- 

im  m  the  observatory  of  Paris  will  shew,  that  errors  of 

*  in  declination  are  not  uncommon,  and  errors  of  2"  arc 

wrj  firequent  indeed.     So  many  circumstances  may  also 

Bert  the  measure  of  the  terrestrial  arc,  that  there  is  too 

audi  left  to  the  judgment  and  choice  of  the  observer,  in 

bawing  his  conclusions.     The  history  of  the  first  mea- 

Mment  of  the  French  meridian  by  Cassini  and  La  Hire 

a  a  proof  of  this.     The  degrees  seemed  to  increase  to  the 

ttolhward— the  observations  were  affirmed  to  be  excellent 

—and  for  some  time  the  Earth  was  held  to  be  an  oblong 

^hnoid.    Philosophy  prevailed,  and  this  was  allowed  to 

^  mposable ;— yet  the  observations  were  still  held  to  be 

'vB^dcis,  and  the  blame  was  laid  on  tlic  neglect  of  circum- 
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stances  which  should  have  been  oonridered.  It  wai 
wards  found,  that  the  deduced  measures  did  not 
with  some  others  of  unquestionable  authority,  but 
agree  with  them  if  the  corrections  were  left  out  ;• 
were  left  out,  and  the  observations  declared  excdlei 
cause  agreeable  to  the  doctrine  of  gravitation.* 

843.  The  theory  of  universal  gravitation  affords  a 
means  of  determining  the  form  of  the  terraqueous 
directly  from  observation.  Mr  Stirling  says,  very 
that  the  diminution  of  gravity,  dedudble  from  the  i 
of  M.  Richer,  and  confirmed  by  many  similar  observ 
gives  an  incontestable  proof,  both  of  the  rotaticm 
Earth,  and  of  its  oblate  figure.  It  could  not  be  an 
figure,  and  have  the  ocean  uniformly  distributed,  n 
turning  round  its  axis ;  and  it  could  not  turn  rou 
axis  without  inundating  the  equator,  unless  it  hi 
oblate  form,  accompanied  with  diminished  equatcHial 
ty.  By  the  Newtonian  theory,  the  increments  of  g 
as  we  approach  the  poles  are  ip  the  duplicate  ratio 
nnes  of  the  latitude.  The  increments  of  the  lengt 
seconds  pendulum  will  have  the  same  proportion.  N 
can  be  ascertained  by  observation  with  greater  ao 
than  this.  For  the  London  artists  can  make  clocks 
do  not  vary  one  second  from  mean  motion  in  three  o 

*  They  were  reconciled  with  the  doctrine  of  gravitation, 
tributing  the  enlargement  of  the  southern  degrees  to  the  ac 
the  Pyrenean  mountains^  and  those  in  the  south  of  France,  u| 
plummets.  But  it  appears  clearly,  by  the  examination  of  th( 
servations  by  Professor  Celsius^  that  the  observations  were  v 
correct^  and  some  of  them  very  injudiciously  contrived  (Sei 
Trans.  No  457.  and  386.)  The  palpable  inaccuracies  gave  in 
itude  for  adjustment,  that  it  was  easy  for  the  ingenious  Mr  ] 
to  combine  them  in  such  a  manner  as  to  deduce  from  them 
ences  in  support  of  opinions  altogether  contradictory  of  those 
academy.  Have  we  not  a  remarkable  example  of  the  doubtl 
of  such  measures,  in  the  measurement  of  the  Lapland  degn 
18  fbund  to  be  almost  fiOO  fathoms  too  long. 
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dij&    We  need  not  measure  the  change  in  the  length  of 
the  pendulum,  a  Tery  delicate  task — ^but  the  change  of  its 
me  of  Tifaration  by  a  change  of  place,  which  is  easily 
done;  and  we  can  thus  ascertain  the  force  of  gravity  with- 
out an  enor  of  one  part  in  86400.     This  surpasses  all 
thit  can  be  done  in  the  measurement  of  an  angle.     Ac- 
enrdin^y,  the  ellipticities  deduced  from  the  experiments 
with  pendulums  are  vastly  more  consistent  with  each  other, 
and  it  were  to  be  wished  that  these  experiments  were  more 
repeated.    We  have  but  very  few  of  them. 

SMl  Yet  even  these  experiments  are  not  without  ano- 
BilieiL  Since,  from  the  nature  of  the  experiment,  We  can- 
aoi  ascribe  these  to  errors  of  observation,  and  the  doctrine 
of  umverifial  gravitation  is  established  on  too  broad  a  foun- 
dnion  to  be  called  in  question  for  these  anomalies,  philo^ 
sophers  think  it  more  reasonable  to  attribute  the  anomalies 
Id  kxal  irregularity  in  terrestrial  gravity.  If,  in  one 
pliee^  the  pendulum  is  above  a  great  mass  of  solid  and 
dense  rock,  perhaps  abounding  in  metals,  and,  in  another 
pliee^  has  below  it  a  deep  ocean,  or  a  deep  and  exten^ve 
Mntnm  of  light  sand  or  earth,  we  should  certainly  look 
fir  a  Riardation  of  the  pendulum  in  the  latter  situation. 
The  French  academicians  aompared  the  vibrations  of  the 
snne  pendulum  on  the  sea-shore  in  Peru,  and  near  the  top 
ofa  very  lofty  mountain,  and  they  observed,  that  the  re- 
tvdation  of  its  motion  in  the  latter  situation  was  not  so 
great  as  the  removal  from  the  centre  required,  according  to 
the  Newtonian  theory,  viz.  in  the  proportion  of  the  distance 
(die  gravity  being  in  the  inverse  duplicate  proportion).* 

*  Hie  length  of  a  pendulum  vibrating  seconds  was  found  to  be 
4M;iL  French  lines  on  the  sca-sliorc  at  Lima;  when  reduced  to 
tine  at  Quito,  1406  fatlioms  higher,  it  was  438,88 ;  and  on  Pichin- 
^  derated  2434  fathoms,  it  was  438,69.  Had  gravity  diminishetl 
b  (be  inverse  duplicate  ratio  of  the  distances,  the  pendulum  at  Quito 
■Md  have  been  43H,so,  and  at  Pichinka  it  should  have  been 


348  PHYSICAL  AiTlOKOMT. 

But  it  should  not  be  so  much  retarded.  The  pendulum 
was  not  raised  aloft  in  the  air,  but  was  on  the  top  of  a' 
great  mountain,  to  which,  as  well  as  to  the  rest  xsi  the 
globe,  its  gravitation  was  directed.  Some  -observationf 
were  reported  to  have  been  made  in  Switzerland,  whidi 
shewed  a  greater  gravitation  on  the  summit  of  a  mountain 
than  in  the  adjacent  valleys ;  and  much  was  built  on  thia 
by  the  partizans  of  vortices.  But,  after  due  inquiry,  the 
observations  were  found  to  be  altogether  fictitious.  It 
may  just  be  noticed  here,  that  some  of  the  anomalies  in 
the  experiments  with  pendulums  may  have  proceeded  fiom 
magneGsm.  The  docks  employed  on  those  occasions  pro- 
bably  had  gridiron  pendulums,  having  five  or  seven  iron 
rods,  of  no  inconaderable  weight  We  know,  for  certain, 
that  the  lower  end  of  such  rods  acquires  a  very  distinct 
magnetism  by  mere  upright  position.  This  may  be  con- 
nderable  enough,  especially  in  the  circumpolar  regions,  to 
afiect  the  vibration,  and  it  is  therefore  advisable  to  em- 
ploy a  pendulum  having  no  iron  in  its  composition. 

Although  the  deduction  of  the  form  of  this  globe,  from 
observations  on  the  variations  of  gravity,  is  exposed  to  the 
same  cause  of  error  which  affects  the  position  of  the  jdum- 
met,  occasioning  errors  in  the  measure  of  a  degree,  yet  the 
errors  in  the  variations  of  gravity  are  incomparably  less. 
What  would  cause  an  error  of  a  whole  mile  in  the  mea- 
sure of  a  degree,  will  not  produce  the  ^l^  part  of  this  error 
in  the  difierence  of  gravity. 

345.  These  observations  naturally  lead  to  other  reflec- 
tions. Nevrton^s  determination  of  the  form  of  the  temu 
queous  globe,  is  really  the  form  of  a  homogeneous  and 
fluid  or  perfectly  flexible  spheroid.  But  will  this  be  the 
form  of  a  globe,  constituted  as  ours  in  all  probability  is,  of 
beds  or  layers  of  different  substances,  whose  density  pro- 
bably increases  as  they  are  farther  down  ? 

This  is  a  very  pertinent  and  momentous  question.  But 
this  outline  of  mechanical  philosophy  will  not  admit  o^  a 
discusaon  of  the  many  cases  whicli  may  reasonably  be  pro- 
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tx  solutiDiL  All  that  can,  with  propriety,  be  at- 
tenpled  hare,  is  to  give  a  general  notioa  of  the  change  of 
tana  that  will  be  induced  by  a  varying  density.  And  even 
in  this,  our  attention  must  be  confined  to  some  simple  and 
pffofaaUe  case.  We  shall,  therefore,  suppose  the  density 
to  increaae  as  we  penetrate  deeper,  and  this  in  such  sort, 
that  at  any  one  depth  the  density  is  uniform.  It  is  highly 
impgobable  that  the  internal  constitution  of  this  globe  is  al- 
together kregular. 

346.  We  shall,  therefore,  suppose  a  sphere  of  solid  mat- 
ter, equally  dense  at  equal  distances  from  the  centre,  and 
eofcred  with  a  less  dense  fluid ;  and  we  shall  suppose  that 
Ae  whole  has  a  form  suitable  to  the  velocity  of  its  rotation. 
It  it  this  form  that  we  are  to  find  out     With  this  view, 
kt  as  suppose  that  all  the  matter,  by  which  the  solid  globe 
or  nndeus  is  denser  than  the  fluid,  is  collected  in  the  cen- 
tn^    We  have  seen  that  this  will  make  no  change  in  the 
gnritation  of  any  particle  of  the  incumbent  fluid.     Thus, 
we  have  a  solid  globe,  covered  with  a  fluid  of  the  same 
fanty;  and,  besides  the  mutual  gravitation  of  tlie  partl- 
dsof  the  fluid,  wc  have  a  force  of  the  same  nature  acting 
on  eteiy  one  of  them,  directed  to  the  central  redundant 
Bitter.    Now,  let  the  globe  liquefy  or  dissolve.     This  can 
ivluee  no  change  of  force  on  any  particle  of  the  fluid.   Let 
«  then  determine  the  form  of  the  now  fluid  spheroid, 
vkieh  will  maintain  itself  in  rotation.     This  being  deter- 
Bined,  let  the  globe  again  become  solid.     The  remaining 
inid  will  not  change  its  form,  because  no  change  is  indu- 
ced on  the  force  acting  on  any  particle  of  the  fluid.     Call 
tkb  hypothesis  A. 

Si7.  In  order  to  determine  this  state  of  equilibrium^ 
Vthe  fisrm  which  insures  it,  which  is  tlie  cliief  difficulty, 
let  as  form  another  hypothesis  B,  difiering  from  A  only  in 
•  ddadrcumstance,  that  the  matter  collected  in  the  centre, 
'■■tMd  of  attracting  the  particles  of  the  incumbent  fluid 
^  t  force  decreasing  in  the  inverse  duplicate  ratio  of 
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their  distances,  attracts  them  with  a  force  increasing  in  the 
direct  ratio  of  their  distances,  keeping  the  same  intenaty  at 
the  distance  of  the  pole  as  in  hypothesis  A.  This  fictitioiis 
hypothesis,  similar  to  Hermann^Sy  is  chosen,  because  a  mass 
so  constituted  will  maintain  the  form  of  an  accurate  ellip- 
tical spheroid,  by  a  proper  adjustment  of  the  proportion  of 
its  axis  to  the  velocity  of  its  rotation.  This  will  easily  ap- 
pear. For  we  have  already  seen  that  the  mutual  gravitap^ 
tion  of  the  particles  of  the  elliptical  fluid  spheroid  produ- 
ces, in  each  particle,  a  force  which  may  be  resolved  into 
two  forces,  one  of  them  perpendicular  to  the  axis,  and 
proportional  to  the  distance  from  it,  and  the  other  perpen- 
dicular to  the  equator,  and  proportional  to  the  ^'ft^ttiH* 
from  its  plane.  There  is  now  by  hypothesis  B  superadded, 
on  each  particle,  a  force  proportional  to  its  distance  from 
the  centre,  and  directed  to  the  centre.  This  may  also  be 
resolved  into  a  force  perpendicular  to  the  axis,  and  ano- 
ther perpendicular  to  the  equator,  and  pn^rtional  to  the 
distances  from  them.  Therefore,  the  whole  combined 
forces  acting  on  each  particle  may  be  thus  resolved  into 
two  forces  in  those  directions  and  in  those  proportions. 
Therefore,  a  mass  so  constituted  will  maintain  its  elliptiGal 
form,  provided  that  the  velocity  of  its  rotation  be  such 
that  the  whole  forces  at  the  pole  and  the  equator  are  in- 
versely as  the  axes  of  the  generating  ellipse.  We  are  to 
ascertain  this  form,  or  this  required  magnitude  of  the  cen- 
trifugal force.  Having  done  this,  we  shall  restore  to  the 
accumulated  central  matter  its  natural  gravitation,  or  its 
action  on  the  fluid  in  the  inverse  duplicate  ratio  of  the 
distances,  and  then  sec  what  change  must  be  made  on  the 
form  of  the  spheroid  in  order  to  restore  the  eqfiiiihrium, 

3'iS.  Let  BAba  (Fig.  44.)  be  the  fictitious  elliptical 
spheroid  of  hypothesis  B.  Let  Bl^be  be  the  inscribed 
sphere.  Take  £  G,  perpendicular  to  C  E,  to  represent 
the  force  of  gravitation  of  a  particle  in  E  to  the  central 
matter,  corresponding  to  the  ilistancc  C  E  or  C  B.     Draw 
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C  G.    Dnw  also  A I  perpendicular  to  C  A,  meeting  C  6 
in  I.   Describe  the  curve  6 L  R,  whose  ordinates  6  £,  L  A, 

RM,  &&  ire  proportional  to  g^,  ^-^,  ^^^  &c.  These 

flvffinates  vill  express  the  gravitations  of  the  particles  £, 
A.  M,  &C.  to  the  central  matter  by  hypothesis  A. 

In  hypothesis  A,  the  gravitation  of  A  is  represented  by 
A  L,  but  in  hypothesis  B  it  is  represented  by  A  I.  For, 
in  hypothesis  B  the  gravitations  to  this  matter  are  as  the 
distances.  E  G  is  the  gravitation  of  E  in  both  hypotheses. 
Now,  EG:AL  =  CA  :CES  butEG:AI  =  CE: 
C  A«— In  hjrpothesis  A  the  weight  of  the  column  A  is  re- 
presented by  the  space  A  L  G  E,  but  by  A I  G  E  in  hy- 
pothess  B.  If,  therefore,  the  sphercnd  of  hypotheses  B  was 
tfi  equUibrio,  while  turning  round  its  axis,  the  equilibrium 
b  destroyed  by  merely  changing  the  force  acting  on  the 
column  E  A.  There  is  a  loss  of  pressure  or  weight  sus- 
tnned  by  the  column  E  A.  This  may  be  expresed  by  the 
^laoe  L  G  I,  the  diiference  between  the  two  areas  E  G I A 
and  E  G  L  A.  But  the  equilibrium  may  be  restored 
bj  addbg  a  column  of  fluid  A  M,  whose  weight  A  L  R  M 

LI  X  A  E 
fliiall  be  equal  to  L  G  I,  which  is  very  nearly  = ^ 

In  order  to  find  the  height  of  this  column,  produce  G  E 
en  the  other  side  of  E,  and  make  £  F  to  E  G  as  the  den- 
sity  of  the  fluid  to  the  density  by  which  the  nucleus  ex- 
ceeded it.  £  F  will  be  to  E  G  as  the  gravitation  of  a  par- 
ticle in  £  to  the  globe  (now  of  the  same  density  with  the 
fluid)  is  to  its  gravitation  to  the  redundant  matter  collected 
in  the  centre.  Now,  take  D  £  to  represent  the  gravitation 
of  E  to  the  fluid  contained  in  the  concentric  spheroid 
E  ^  r  ^»  which  is  somewhat  less  than  its  gravitation  to  the 
sphere  £  B  ^  &.  Draw  C  D  N.  Then  A  N  represents  the 
gravitation  of  A  to  the  whole  fluid  spheroid,  by  sec.  SIS. 
In  like  manner,  N  I  is  the  united  gravitation  of  A  to  both 
the  fluid  and  the  central  matter,  in  the  same  hypothesis. 
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But  in  hjrpothesis  A,  this  gravitation  is  represented  by 
NL. 

Let  N  O  represent  the  centrifugal  force  affecting  the  par- 
ticle A,  taken  in  due  proportion  to  N  A  or  N  L,  its  whole 
gravitation  in  hypothecs  A.  Draw  C  K  O.  D  K  will  be 
the  centrifugal  force  at  £.  The  space  O  K  G I  will  ex- 
press the  whole  sensible  weight  of  the  fluid  in  A  E,  acoord* 
ing  to  hypothesis  B,  and  O  K  6  L  will  express  the  same, 
according  to  hypothesis  A.  L  G I  is  the  difference,  to  be 
compensated  by  means  of  a  due  addition  A  M. 

This  addition  may  be  defined  by  the  quadrature  of  tbe 
spaces  G  £  A  L  and  G  L  I.  But  it  wUl  be  abundantly 
exact  to  suppose  that  G  L  R  sennbly  coinddes  with  a 
straight  line,  and  then  to  proceed  in  this  manner.  We 
have,  by  the  nature  of  the  curve  G  L  R, 

AL:EG  =  EC*:  AC^ 
Also  AH,  orEG:A  I=EC  :AC 
Therefore  AL:  A  I  =EC^:  AC^ 

Now,  when  a  line  changes  by  a  very  small  quantity,  the 
variation  of  a  line  proportional  to  its  cube  is  thrice  as  great' 
as  that  of  the  line  proportional  to  the  root.  H  I  is  the 
quantity  proportional  to  E  A  the  increment  of  the  root 
EC.  I  L  is  proportional  to  the  variation  of  the  cube, 
and  is  therefore  very  nearly  equal  to  thrice  H  I. 

Therefore  since  E  G :  H  I  =  E  C  :  A.E,  we  may 

state  EG:  L  I  =EC:S  AE, 

or  3EG:LI  =EC:AE. 

Now,  Q  O  L  R  may  be  considered  as  equal  to  Q  R  ^  A 
M,  or  as  equal  to  K  G  ^  A  M,  and  L  G  I  may  be  con- 
sidered  as  equal  to  L  I  x  ^  A  E,  and  2KGxAM  =  L 
I^AE. 

Therefore    2KG:AE  =  LI:AM 
but  EC:AE  =  3EG:LI 

therefore       «KGxEC:AE2  =  3EG:AM. 

and         ^   2KG:^=3EG:AM 
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I 

AE* 
and  2KG:3EG=^-^:  AM 

Tint  is,  twice  the  sensible  gravity  at  the  equator  is  to 
tbioe  the  giavitation  to  the  central  matter  as  a  third  pro- 
pntional  to  ndius  and  the  elevation  of  the  equator  is  to 
the  idditioa  necessary  for  producing  the  equilibrium  re- 
quired in  hypotheffls  A. 

TUs  addition  may  be  more  readily  conceived  by  means 
artooDstnicdon.  Make  AE:£tf=::2EG:  3£G.  Draw 
eapinDel  to  £A»  and  drawC^m^  cutting  ANinm. 
Then  am  is  the  addition  that  must  be  made  to  the  column 
A  C.    A^similar  addition  must  be  made  to  every  diameter 

TV* 

CT,making2KG:3EG  —  ny  -  ^^  and  the  whole 

villbein  equiUbrio. 

S40.  This  determination  of  the  elliptidty  will  equally 
cut  those  cases  where  the  fluid  is  supposed  denser  than 
Ae  nlid  nucleus,  or  where  there  is  a  central  hollow.  For 
EG  may  be  taken  negatively,  as  if  a  quantity  of  matter 
voe  placed  in  the  centre  acting  with  a  repelling  or  centri- 
{vgd  force  on  the  fluid.  This  is  represented  on  the  other 
>deof  the  axis  B  b.  The  space  gil'm  this  case  is  nega- 
^  and  indicates  a  diminution  of  the  column  a  e^  in  order 
to  lestore  the  equUibrium. 

350.  It  is  evident  that  the  figure  resulting  from  this 
coutruction  is  hot  an  accurate  ellipse.  For,  in  the  ellipse, 
T<  would  be  in  a  constant  ratio  to  V  T,  whereas  it  is  as 
V  T*  by  our  construction.  But  it  is  also  evident,  that  in  the 
dm  of  small  deviation  from  perfect  sphencity,  the  change 
tf  figure  from  the  accurate  ellipse  of  hypothesis  B  is  very 
*nudL  The  greatest  deviation  happens  when  E  ^  is  a  maxi- 
^"SBL  It  can  never  be  sensibly  greater  in  proportion  to 
A£  than  |  of  A  E  is  in  proportion  to  E  C,  unless  the  cen- 
^ugal  force  F  D  be  very  great  in  comparison  of  the  gra- 
^  D  E.  In  the  case  of  the  Earth,  where  E  A  is  nearly 
ilo  of  £  C,  if  we  suppose  the  mean  density  of  the  Earth 
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to  be  five  times  that  of  sea  water,  a  m  will  not  exceed 
SI  A¥¥  of  E  C,  or  yf  3j  of  A  E. 

85 1.  We  are  not  to  imagine  that,  since  central  matter 
requires  an  addition  A  M  to  the  sphennd,  a  greater  deo- 
nty  in  the  interior  parts  of  this  globe  requires  a  greater 
equatorial  protuberancy  than  if  all  were  homogeneous; 
for  it  is  just  the  contrary.  The  spheroid  to  which  the  ad- 
dition must  be  made  is  not  the  figure  suited  to  a  homoge- 
neous mass,  but  a  fictitious  figure  employed  as  a  step  to 
facilitate  investigation.  We  must,  therefore,  define  its  el- 
lipticity,  that  we  may  know  the  shape  resulting  from  the 
final  adjustment 

Lety*  be  the  density  of  the  fluid,  and  n  the  density  of 
the  nucleus,  and  let  n  — yhe  =  j,  so  that  q  corresponds 
with  E  6  of  our  constuction,  and  expresses  the  redundant 
central  matter  (or  the  central  deficiency  of  matter,  when 
the  fluid  is  denser  than  the  nucleus).  Let  B  C  or  E  C  E  be 
r,  A  E  be  AT,  and  let  g  be  the  mean  gravity  (primitiTe), 
and  c  the  centrifugal  force  at  A.  Lastly,  let  r  be  th6  cir- 
cumference when  the  radius  of  the  circle  is  1. 

The  gravitation  of  B  to  the  fluid  spheroid  is  |  w^r 
(3S7),  and  its  gravitation  to  the  central  matter  is  ^  irqr. 
The  sum  of  these,  or  the  whole  gravitation  of  B,  is  §  r  n  r. 
This  may  be  taken  for  the  mean  gravitation  on  every  point 
of  the  spheroidal  surface. 

But  the  whole  gravitation  of  B  differs  considerably  from 
that  of  A. 

Imoj  C  A,  or  C  E,  is  to  }  A  E  as  the  primitive  gravity 
of  B  to  the  spheroid  is  to  its  excess  above  the  gravitation 
(primitive)  of  A  to  the  same,  (887.)  That  is,  r :  | » = 
I  fryr :  T^j  w-y^,  and  ^j  *fx  expresses  this  excess. 

9do^  In  hypothesis  B,  we  have  C  £  to  C  A  as  the  gra- 
vitation of  B  or  E  to  the  central  matter  is  to  the  gravita- 
tion of  A  to  the  same.  Therefore  C  E  is  to  £  A  as  the 
gravitation  of  £  to  tliis  matter  is  to  the  excess  of  A'*s  grar 
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▼itation  to  the  same.     This  excess  of  A^s  gravitation  is 
expfeaaed  by  f  jx,  for  r :  or  =  §  «*  ^  r :  §  r  g  or. 

Sljo.  Without  any  sensible  error,  we  may  state  the  ratio 
of  ^  to  c  as  the  ratio  of  the  whole  gravitation  of  A  to  the 
oentiifugal  tendency  excited  in  A  by  the  rotation.    There- 

£B  Aft    4^0   ^t 

fixe^ :  c  =  f  ""fir :  — !1 ,  and  this  centrifugal  tcnden- 

o 

cy  of  the  particle  A  b  --^ .    This  is  what  is  express- 

ed  by  N  0  in  our  construction. 
The  whole  difference  between  the  gravitations  of  B  and 

A  is  therefore  Vy  ^^^  —  §  ""J  '  -F  — ^ •    The  gravita- 

tionaf  B  is  to  this  difference  as  §«'nr  to  ^'j  ^fx  —  §  ^qx 

.Svfirc      ,j.  .J.        11  1     a       V         .  /*     Q^.  cr 
+  —3 or  (dividing  all  by  f  ••  w)  as  r  to*!,        *— j , 

3g  on      n      g 

Now  the  equilibrium  of  rotation  requires  that  the  whole 
pokr  finoe  be  to  the  sensible  gravitation  at  the  equator  as 
Aexidius  of  the  equator  to  the  semiaxis  (324.)  There- 
fore ve  must  make  the  radius  of  the  equator  to  its  excess 
ihove  the  semiaxis  as  the  polar  gravitation  to  its  excess 
iboie  the  sensible  equatorial  gravitation.  '   That  is  r :  x 

srj^ 4— H ,  and   therefore  x  =r~ 5^-  +  — . 

&n        n       g  5n      n       g 

Hence  we  have  —  =  *  + "r—      But  o  =  n  —  /T 

g  n       on  * 

Therefore  il  =  X  +  !L'_/f-£f,  =  ,  +  ,  _  ^X', 
g  n        n       on  on 

=  J  J.  ««*-/—=:  XX  C2  =^- I      Wherefore   x   = 

cr  5ncr  u-  1  :« 

— -. ,  which  IS  more  convc- 

^  X  1  0  7*  —  6  / 


(«-.^) 


wently  expressed  in  this  form  x  =  --—  x    -    .  Tli< 

•^      *^  Ug     bn^3j 
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■ 

species,    or  ellipticity   of   the   spheroid   is  -^  =  —  ^ 

n 
Sn  —  3f' 

Such  then  is  the  elliptical  spheroid  of  hypothecs  B ;  and 
we  saw  that,  in  respect  of  form,  it  is  scarcely  distingubh- 
able  from  the  figure  which  the  mass  will  have  when  the 
fictitious  force  of  the  central  matter  gives  place  to  the  na- 
tural force  of  the  dense  spherical  nucleus.  Thb  is  true  at 
least  in  all  the  cases  where  the  centrifugal  force  is  very 
small  in  comparison  with  the  mean  gravitation.      ^ 

We  must  therefore  take  some  notice  of  the  influence 
which  the  variations  of  density  may  have  on  the  farm  of 
this  spheroid.  We  may  learn  this  by  attending  to  the  for- 
mula 

X  _^  5c  n      . 


^       2g    Sn  —  »f 
The  value  of  this  formula  depends  chiefly  on  the  fr^ctioQ 

n 
Bn-Sf 

852.  If  the  density  of  the  interior  parts  be  immensely 
greater  than  that  of  the  surrounding  fluid,  the  value  of  this 

fraction  becomes  nearly  J,  and  jr  becomes  nearly  =  — , 

and  the  ellipse  nearly  the  same  with  what  Hermann  asugn- 
ed  to  a  homogeneous  fluid  spheroid. 

If  w  =  6y*;  then _-=:_;  and,  in  thecaaeof 

«/ 

X  1 

the  Eartli,  -  would  be  nearly  =         ^,  making  an  equa- 
torial  elevation  of  nearly  7  miles. 

358.  If  n  =  /^  the  fraction  _-^-—   becomes   i,    and 

=  7— ,  which  we  have  already  shewn  to  be  suitable  to  a 

homogeneous  spheroid,  with  which  this  is  equivalent.   The 

1 


FIGUAK  OF  THE  EARTH.  867 

protabottDoe  or  ellipticity  in  this  case  is  to  that  when  the 
nodetis  is  inobmparably  denser  than  the  fluid  in  the 
proportiaQ  of  5  to  &  This  is  die  greatest  ellipticity  that 
can  obtain  when  the  fluid  is  not  denser  than  the  nucleus. 

Between  these  two  extremes,  all  otiier  values  of  the  for- 
■iiila  are  competent  to  homogeneous  sphennds  of  gravitat- 
mg  fluids,  covering  a  spherical  nucleus  of  greater  density, 
cither  umfonnly  dense,  or  consisting  of  concentric  spheri- 
cal strata,  each  of  which  is  uniformly  dense. 

Fiom  this  view  of  the  extreme  cases,  we  may  infer  in 
genertif  that  as  the  incumbent  fluid  becomes  rarer  in  pro- 
portion to  the  nucleus,  the  ellipticity  diminishes.  M.  Ber- 
noulli (Daniel),  misled  by  a  gratuitous  assumption,  says  in 
theofj  of  the  tides  that  the  ellipticity  produced  in  the 
fluid  which  surrounds  this  globe  will  be  800  times 
than  that  of  the  solid  nucleus ;  but  this  is  a  mis- 
take, which  a  juster  assumption  of  data  would  have  pre- 
vented. The  acreal  spheroid  will  be  sensibly  less  oblate 
Aan  the  nucleus. 

It  was  said  that  the  value  of  the  formuhi  depended  chief- 
ly on  the  fraction  .= rr-T..     But  it  depends  also  on  the 

^  on  —  8 J  ^ 

5c 
the  fraction^ — ,  increasing  or  diminishing  as  c  increases  or 

Aniniahes,  or  as  ^  diminishes  or  increases.     It  must  also 

be  remarked  that  the  theorem  —  =  --  for  a  homogeneous 

r        4g 

iphmad  was  deduced  from  the  supposition  that  the  ecoen- 
tikity  is  very  small  (See  sect  335,  S40.)  When  the  rota- 
tin  is  very  rapid,  there  is  another  form  of  an  elliptical 
fknid,  which  is  in  that  kind  of  equilibrium,  which,  if  it 
^  Anurbed,  will  not  be  recovered,  but  the  eccentricity  will 
mofase  with  great  rapidity,  till  the  whole  dissipates  in  a 
^«9bA  flat  sheet.  But  widiin  this  limit  there  is  a  kind  of 
<lahibty  m  the  equHibrium,  by  which  it  is  recovered  when 
it  ii  disturbed.  If  the  rotation  be  too  rapid,  the  spheroid 
Vol  III.  Tl 
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becomes  more  oblate,  and  the  fluids  which  aocumuhte 
about  the  equator,  having  less  velocity  than  that  cirde,  re- 
tard the  mo^on.  This  goes  on  however  some  time,  till  the 
true  diape  is  overpassed,  and  then  the  accumulation  rdaxea 
The  motion  is  now  too  slow  for  this  accumulation,  and  the 
waters  flow  back  again  toward  the  poles.  Thus  an  oacilhi- 
tion  is  produced  by  the  disturbance,  and  this  is  graduallj 
diminished  by  the  mutual  adhesion  of  the  waters,  and  by 
friction,  and  things  soon  terminate  in  the  resumption  of  the 
proper  form. 

354.  When  the  density  of  the  nucleus  is  less  than  Aaf 
of  the  fluid,  the  varieties  which  result  in  the  form  from  a 
variation  in  the  density  of  the  fliud  are  much  greater^  and 
more  remarkable.     Some  of  them  are  even  paradaxioal/ 
Cases,  for  example,  may  be  put,  (when  the  ratk>  of  n  to/* 
differs  but  very  littie  from  that  of  3  to  5),  where  •  rtrj 
small  centrifugal  force,  or  very  slow  rotation,  shall  produise 
a  very  great  protuberance,  and,  on  the  contrary,  a  voy 
rapid  rotation  may  consist  with  an  oblong  form  like  an  egg. 
But  these  are  very  angular  cases,  and  of  little  use  in  the 
explanation  of  the  phenomena  actually  exhibited  in  the 
solar  system.    The  equilibrium  which  obtmns  in  such  cases 
may  be  called  a  totiervng  equilibrium^  which,  when  once 
disturbed,  will  not  be  again  recovered,  but  the  disigpatioii 
of  the  fluid  will  immediately  follow  with  accelerated  wp^eL 
Some,  cases  will  be  considered,  on  another  occasional  where 
there  is  a  deficiency  of  matter  in  the  centre,  or  even  a  hol- 
low. 

S55.  The  chief  distinction  between  the  cases  of  anudcoa 
covered  with  an  equally  dense  fluid,  and  a  dense  nudi 
covered  with  a  rarer  fluid,  connstsin  thediflerence 
the  polar  and  equatorial  gravities ;  for  we  see  that  the  did^ 
ference  in  shape  is  inconsiderable.  It  has  been  shewn  al* 
ready  that,  in  the  homongeneous  spheroid  of  small  eoocft- 
tricity,  the  excess  of  the  polar  granty  above  the  leniUe 


.1 
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equatorial  gravity  is  nearly  equal  to  ^  (for  r  :  }  x  :  =  g : 
^  V    When,  in  addition  to  this,  we  take  into  account  the 

diodnution  c,  produced  by  rotation,  we  have  ^  4.  cfor  the 

whole  difference  between  the  polar  and  the  senrible  equa- 
torial gravity.     But,  in  a  homogeneous  spheroid,  we  have 

«  =  -7 — .  Therefore  the  excess  of  polar  gravity  in  a  homo- 

'•    •    c  5  c 

geneous  revolving  spheroid  is  —  +  c  or  — .   We  may  dis- 

tinguish  this  excess  in  the  homogeneous  spheroid  by  the 
ijinbQlE. 
856.  But,  in  hypothesis  B,  the  equilibrium  of  rotation 

nqpres  that  r  be  to  x  as  ^  to  C,  and  the  excess  of  polar 

gnrity  in  this  hypothesis  is  ^ .  But  we  have  also  seen  that 

in  tUs  hypothesis,  -  =  --  x .  Therefore  the  ex- 

^^       ^  r      2g     6n  — 3/ 

of  polar  gravity  in  this  hypothesis  is  —  x 


8      Bn^^f 
Let  this  excess  be  distinguished  by  the  symbol  1. 

357.  The  excess  of  polar  gravity  must  be  greater  than 
ttb  in  hypothesis  A.  For,  in  that  hypothesis  the  equato- 
liil  gravity  to  the  fluid  part  of  the  spheroid  is  already 
■ttUer.  And  this  smaller  gra^ty  is  not  so  much  increas- 
dl  bjr  the  natural  gravitation  to  the  central  matter,  in  the 
iofine  dupficate  ratio  of  the  distance,  as  it  was  increased 
hf  the  fictitious  gravity  to  the  same  matter,  in  the  direct 
nrtb  of  the  distances.  The  second  of  the  three  distinctions 
Bolioed  in  sect.  596.  between  the  gravitations  of  B  and  A 

was  —  iif .     This  must  now  be  changed  into  +  — 2-  as 
fi  "        .  fi 
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may  easily  be  deduced  from  sect.  348,  where  — i-  is  re- 
presented by  H  I  in  Fig.  44*,  and  tlic  excess,  forming  the 
com]x?nsation  for  hypothesis  A  is  represented  by  H  L^ 
nearly  double  of  H  I,  and  in  the  opposite  direction,  dimi- 
nishing the  gravitation  of  A.     The  difference  of  tl)esc  two 

^  ft  X 

states  is  —if-,  by  which  the  tendency  of  A  to  the  central 
matter  in  hypothesis  A  falls  short  of  what  it  was  in  hjpo- 

tliesis  B.     Therefore,  as  *i i-  +  —  is  to  — ^,  so  is  the 

5n       n       g  n 

excess  i  to  a  quantity  •,  which  must  be  added  to  >,  in  order 

to  produce  the  difference  of  gravities  Cy  conformable  to  the 

statement  of  hypothesis  A.     Now,  in  hypotliesis  B  we  had 

fx       qx      cr        J  ••.!..  1 

X  =  % 2 — I ,  and  we  mav,  without  scruple,  sup- 

6n       n        g  "  '^ 

pose  X  the  same  in  hypothesis  A.     Therefore  •  :  ^  =': 

^,  =  l:Jt,and«  =  .x-;2f=:,x  _^,   =  T 

n  n  n  n  % 

---  X ::  =  -rr  ^  p zr'v    Add  to  this  i, 

which  is  -•  X ---.,  and  we  obtain  for  the  excess  e  of 

H      5n  —  3J 

polar  gravity  in  hypothecs  A  =  — ^  x  ■  ^        *^ 

368.  Let  us  now  compare  this  excess  of  polar  grantj 
above  the  sensible  equatoiial  gravity  ia  the  three  hypo- 
theses :  1^,  A,  suited  to  tlie  fluid  surrounding  a  spheri- 
cal nucleus  of  greater  density : .  S</,  B,  suited  to  the 
fluid,  surrounding  a  central  nucleus  which  attracts  wil 
force  proportional  to  the  distance :  and,  8d,  C,  suited  to  a 
homogeneous  fluid  spheroid,  or  enclosing  a  spherical  nudeus 
of  equal  density.    These  excesses  are 

«      5n  — fjy 
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B  ifx  " 


a      6nSf 
„    Sc         Se     Sn — Sf 

It  is  e\'ident  that  the  sum  of  A  and  B  is  -—  x  - — "^  •\> 

2      6m  — 3/ 

^ich  is  double  of  C,  or  ---  x  ■  ^      '/,  and  therefore  C 

4      5» — 3/ 

is  the  aridimetical  mean  between  them. 

Now  we  have  seen  that  ---  x  -z — ~  '■,,  expresses  the  ra- 

tb  of  the  excess  of  polar  gravity  to  the  mean  gravity  in  the 

hypothesis  A.     We  have  also  seen  that  —  x  ^ ^  niay 

^g     5nSJ     ^ 

Mj  be  taken  as  the  value  of  the  dliptieity  in  tlie  same 

lijpothesis.     It  is  not  perfectly  exact,  but  tlie  deviation  is 

ihopther  inseoMble  in  a  case  like  that  of  the  Earth,  where 

flotation  and  the  eccentricity  are  so  moderate.     And, 

hidy,  we  have  seen  that  the  same  fraction  that  expresses 

tbentio  of  the  excess  of  polar  gravity  to  mean  gravity, 

u  i  homogeneous  spheroid,  also  expresses  its  ellipticity, 

iod  that  twice  this  fraction  is  equal  to  the  sum  of  the  other 

tva 

S69.  Hence  may  be  derived  a  beautiful  theorem,  first 
ffveo  by  M.  Churaut,  that  theJractio9i  expreanng  twice 
^  ^BptiAkf  of  a  homogeneous  revdmng  spheroid  is  i/ie 
^/tt^oftwojractions^  one  of 'which  expresses  tlie  ratio  of 
^txeess  qf  polar  gravity  to  mean  ^nmty^  and  the  other 
OBfresses  tlie  ellipticity  of  any  spheroid  if  sftmll  ercentH- 
^%  which  consists  of  a  Jluid  covering  a  denser  spherical 

If,  therefore,  any  other  phenomena  give  us,  in  the  case 
tfs  revolving  spheroid,  the  pro}K>rtion  of  \)olav  and  equa- 
Wal  gravities,  we  can  find  its  illiiticity,  by  sublracling 
"*c  fraction  expressing  the  ratio  of  the  excels  of  jx)lar  grii- 
^•^J  to  the  mean  gravity  from  twice  ihc  cllipticiiy  of  a  \u^ 
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mogeneons  spheroid.  Thus,  in  the  case  of  the  Eartb^ 
twice  the  ellipticity  of  the  homogeneous  spheroid  is  ^{7.  A 
medium  of  seven  comparisons  of  the  rate  of  pendulums  gives 
the  proportion  of  the  excess  of  polar  gravity  above  the 
mean  gravity  =  ^},^.  If  this  fraction  be  subtracted  from 
r)79  it  leaves  ^\^  for  the  medium  ellipticity  of  the  EUurth. 
Of  these  seven  experiments,  five  are  scarcely  different  in 
tlie  result.  Of  the  other  two,  one  gives  an  ellipdcity  not 
exceeding  3^7.  The  agreement,  in  general,  is  incompar- 
ably greater  than  in  the  forms  deduced  from  the  compari- 
sons of  degrees  of  the  meridian.  All  the  comparisons  that 
have  been  published  concur  in  giving  a  considerably  smaU- 
er  eccentricity  to  the  terraqueous  spheroid  than  suits  • 
homogeneous  mass,  and  which  is  usually  called  Newton*s 
determination.  It  is  indeed  his  determination,  on  the  aup^ 
position  of  homogeneity ;  but  he  expressly  says,  that  • 
different  density  in  the  interior  parts  will  induce  a  diffierent 
form,  and  he  points  out  some  supposititious  cases,  not  in- 
deed very  probable,  where  the  form  will  be  different. 
Newton  has  not  conceived  this  subject  with  his  usual  saga- 
city, and  has  made  some  inferences  that  are  certainly  in- 
consistent with  his  law  of  gravitation. 

That  tlie  protuberancy  of  the  terrestrial  equator  is  cer- 
tainly less  than  ^J^  proves  the  interior  parts  to  be  of  a 
greater  mean  density  than  the  exterior,  and  even  gives  ua 
some  means  for  determining  how  much  they  exceed  in 

density.      For,  by  making  the  fraction   —  x  ^ =^ 

^"^lio)  as  indicated  by  the  experiments  with  pendulums^ 
we  can  find  the  value  of  n. 

360.  The  length  of  the  seconds  pendulum  is  the  mea- 
sure of  the  accelerating  force  of  gravity.  Therefore,  let 
/  be  this  length  at   the  equator,  and  I  +  d  the  lengdi 

at  the  pole.     We  have  ,r-  x  r «^  =  7 «   whence 


e. — J 


i^ivirKK  ur  lur.  FAH'i'H. 


k«'*^Sf      ted     „.  , 

JT  ^_  4'/-=  fi7'        "'*  equauon,  when  properly  ircau 

The  come  principlca  may  be  applied  to  any  other  planet 
u  well  u  to  tliu  Kiurtli.  TIiub,  we  can  tell  wliat  portion 
«f  tlw  oqiMtoriai  gravity  a{  Jupiter  is  cxpeoded  in  keeping 
kdiea  od  his  surfact^,  by  comparing  the  time  ol  his  ro* 
Mino  «th  the  period  of  one  oi'  hia  satellites.  We  find 
tint  Uk  eenthfugal  ditce  at  hia  equator  is  ^,  of  the  whole 


giavflj,  nni!  from  the  equation  -j^ — 


^  should  in- 

fa*,  that  if  Jupiter  be  a  homogeneuns  fluid  or  flexible  iphe- 
n>d,  hii  etfUttloriol  diameter' wiJ  I  exceed  his  polar  axis  near> 
ly  10  puts  in  113,  which  is  not  very  difl'erent  frtan  what 
n  obKTVc  :  «>  much,  liowevcr,  as  to  authorise  u>  to  cod> 
dadc,  that  his  density  is  greater  near  the  wntre  than  on 
!■  •ur&ce. 

Thcw  obser>'ations  must  suffice  as  an  account  of  this 
MiljecL  >Iany  drcumstonoes  of  great  eHect  aie  omitted^ 
that  llw  oonsideralion  might  be  reduoed  to  such  simplicity 
M  to  be  diaca§sed  without  the  aid  of  the  higher  geometry. 
Tbe  itudrat  who  wishes  for  more  complete  intbrmation 
fflMst  consult  tbo  elaborate  performances  of  £uler,  Clair" 
Ml,  S'AWnihert,  and  La  Place.  The  dissertation  of  Tli. 
finpaw  on  the  same  subject  is  excellent.  The  diascrta- 
doB  pf  F.  Botcovich  will  be  of  great  service  to  those  who 
versant  in  the  fliixionary  calculus,  that  Author 
ntry  wlusre  endeavoured  to  reduce  thingn  to  a 


k  htnt  inruin«ti<iii  very  latul^  ol'  the  neuuremunt  of  a  lif^ 
I  ptt,  bf  Jii^at  Lunbtoo,  iu  the  Ufsore  in  India,  with  excellent  in- 
».  It  hui  in  Int.  12^  33',  sill!  its  length  is  60194  firitinii 
Wc  UK  also  iiiibnnetl,  by  Mr  lleknderhielm  of  tlic  Swe- 
b  aadaaj,  iliat  the  mcosme  of  the  decree  Sn  LaplnnH  by  Miu- 
Oidi  b  flwDd  to  he  ItOS  vAaet  loo  grHi.    I'hii  vi^  auipeetcd. 
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geometrical  construction.  To  these  I  would  add  the  Cos- 
mographia  of  Frisius,  as  a  very  masterly  performaiioe  on 
this  part  of  his  subject. 

It  were  desirable  that  another  element  were  adde^  to 
the  problem,  by  supposiog  the  planet  to  consist  of  coherent 
flexible  matter.  It  is  apprehended^  that  tliis  would  gi^^e  it 
a  form  more  applicable  to  the  actual  state  of  things.  If  a 
planet  consist  of  such  matter,  ductile  like  melted  glass,  the 
shape  which  rotation,  combined  with  gravitation  and  this 
kind  of  cohesion,  would  induce,  will  be  considerahly  dif- 
ferent from  what  we  have  been  considering,  and  susceptible 
of  great  variety,  according  to  the  thickness  of  the  shell  of 
which  it  is  supposed  to  consist.  The  form  of  such  a  ahdl 
will  have  the  diief  influence  on  the  form  which  will  be  as- 
sumed by  an  ocean  or  atmosphere  which  may  surround  it. 
If  the  globe  of  Mars  be  as  eccentric  as  the  late  observations 
indicate  it  to  be,  it  is  very  probable  that  it  is  hollow,  with 
no  great  thickness.  For  the  centrifugal  force  must  fie  ex^ 
ceedingly  small. 

S6l.  The  most  singular  example  of  this  phenomenon 
that  is  exhibited  in  the  solar  system,  is  the  vast  arch  or 
ring  which  surrounds  the  planet  Saturn,  and  turns  round 
its  axis  with  most  astonishing  rapidity.  It  is  above  1200000 
miles  in  diameter,  and  makes  a  complete  rotation  in  ten 
hours  and  thirty-two  minutes.  A  point  on  its  surface 
moves  at  the  rate  of  1000^  miles  in  a  minute,  or  nearly  17 
miles  in  one  beat  of  the  clock,  which  is  58  times  as  swift 
as  the  Earth^s  equator. 

M.  La  Place  has  made  the  mechanism  of  this  motion  a 
subject  of  his  examination,  and  has  prosecuted  it  with  great 
zeal  and  much  ingenuity.  He  thinks  that  the  permanent 
state  of  the  ring,  in  its  period  of  rotation,  may  be  explain- 
ed, on  the  supposition  that  its  parts  are  without  connexion, 
revolving  round  the  planet  like  so  many  satellites,  so  that 
it  may  be  considered  as  a  vapour.  It  ap|x?ars  to  me,  that 
this  is  not  at  all  probable.     He  says,  that  the  observed  in-^ 
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eqnalities  in  the  circle  of  the  ring  are  necessary  for  keeping 
it  from  ooflkflcing  with  the  planet.  Such  inequalities  seem 
iBcompatible  with  its  o¥m  constitution,  being  inconastent 
with  the  e^/uUUnium  of  ibrces  among  incoherent  bodies. 
BeaiiiiS  >>  he  supposes  no  cohenon  in  it,  any  inequalities 
in  the  oonslitution  of  its  di&rent  parts  cannot  influence 
the  general  motion  of  the  whole  in  the  manner  fie  sup* 
f09€9j  but  merely  by  an  inequality  of  gravitation.  The 
effect  of  this,  it  is  appreliended,  would  be  to  destroy  the 
penn«iePcy.of  its  construction,  without  secuiing,  as  he 
imagipes,  the  steadiness  of  its  position.  But  this  seems  to 
be  the  point  which  he  is  eager  to  establish  ;  and  he  finds, 
in  the  numerous  li^  of  possibilities,  conditions  which  bring 
tilings  within  his  general  equation  for  the  equilibrium  of 
revolving  spheroids ;  but  the  equation  is  so  very  general, 
and  the  conditions  arc  so  many,  and  so  implicated,  that 
there  ia  reason  to  fear,  that,  in  some  drcumstances,  the 
igiij|i6rn«fn  is  of  that  kind  that  has  no  stability,  but,  if 
disturbed  in  the  smallest  degree,  is  destroyed  altogether^ 
being  like  the  equilibrium  of  a  needle  poised  upright  on 
its  point.  There  is  a  stronger  objection  to  M.  La  Placets 
explanation*  He  is  certainly  mistaken  in  thinking,  tliat 
the  period  of  the  rotation  of  the  ring  is  that  which  a  satel- 
lite wouU  have  at  the  same  distance.  The  second  Cassia 
nan  satellite  revolves  in  65^  44',  and  its  distance  is  55,2 
(the  ebngation  in  seconds).  Now  65"  '44'|^ :  W^Y  = 
S6JP  :  16,4^.  This  is  the  distance  at  which  a  satellite 
would  revolve  in  10^  32'.  It  must  be  somewhat  less  than 
this,  on  account  of  tlie  oblate  figure  of  the  planet  Yet 
even  this  is  less  than  the  radius  of  the  very  inmost  edge  of 
the  ring.  The  radius  of  the  outer  edge  is  not  less  than 
S84f  and  that  of  its  middle  is  SO. 

It  is  a  much  more  probable  supposition  (for  we  can  only 
suppose),  that  the  ring  consists  of  coherent  matter.  It  has 
been  represented  as  supporting  itself  hkc  an  iux;h  ;  but  tliis 
is  less  admissible  than  La  Place's  opinion.     The  rapidity 


966  ravsiCAL  astaokoxt. 

of  rotation  is  such  as  would  immediately  scatter  the  archy 
as  water  is  flirted  about  from  a  mop«     The  ring  must  co- 
here, and  even  cohere  with  considerable  force,  in  order  to 
counteract  the  centrifugal  force,  which  considerably  exceeds 
its  weight    If  this  be  admitted,  and  surely  it  is  the  most 
obvious  and  natural  opinion,  there  will  be  no  difllculty 
arising  from  the  velocity  of  rotation  or  the  irregularity  of 
its  parts.    M.  La  Place  might  easily  please  his  fancy  by 
contriving  a  mechanism  for  its  moticm.     We  may  suj^iose 
that  it  is  a  viscid  substance  like  melted  glass.     If  matter 
of  this  constitution,  covering  the  equator  of  a  planet,  turn 
round  its  axis  too  swifdy,  the  viscid  matter  will  be  thrown 
off,  retaining  its  velocity  of  rotation.     It  will  therefore  ex« 
pand  into  a  ring,  and  will  remove  from  the  planet,  till  the 
velodty  of  its  equatorial  motion  correspond  with  its  dia* 
meter  and  its  curvature.    However  small  we  suppoae  the 
cohesive  or  viscid  force,  it  will  cause  this  ring  to  stop  at  a 
dimension  smaller  than  the  orUt  of  a  planet  moving  with 
the  same  velodty.-— These  seem  to  be  legitimate  oonse- 
quenccs  of  what  we  know  of  coherent  matter,  and  they 
gready  resemble  what  we  see  in  Satum^s  ring.     This  con- 
stitution of  the  ring  is  also  well  fitted  for  admitting  these 
irregularities  which  are  indicated  by  the  spots  on  the  ring^* 
and  which  M.  La  Place  employs  with  so  much  ingenuity 
for  keeping  the  ring  in  such  a  position,  that  the  planet  at 
ways  occupies  its  centre.     This  is  a  very  curious  drcum-* 
stance,  when  considered  attentively,  and  its  importance  is 
far  from  being  obvious.      The  planet  and  the  ring  are 
quite  separate.     The  planet  is  moving  in  an  orbit  round 
the  Sun.     The  ring  accompanies  the  planet  in  all  the  ir- 
regularities of  its  motion,  and  has  it  always  in  the  middle. 
This  ingenious  mathematician   gives  strong  reasons  for 
thinking,  that  if  the  ring  were  perfectly  circular  and  uni- 
form, although  it  is  possible  to  place  Saturn  exactly  in  its 
centre,  yet  the  smallest  disturbance  by  a  satellite  or  pass- 
ing comet  would  be  the  beginning  of  a  derangement,  which 
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wnild  rapidly  increase,  and,  ailer  a  very  short  time,  Sa- 
tnm  would  be  in  contact  with  the  inner  edge  of  the  ring, 
never  more  to  separate  from  it.  But  if  the  ring  is  not 
nmfbrm,  but  more  massive  on  one  side  of  the  centre  than 
on  the  other,  then  the  planet  and  the  ring  may  revolve 
nond  a  common  centre,  very  near,  but  not  coinciding  with 
the  centre  of  the  ring.  He  also  maintains,  that  the  oblate 
farm  of  the  planet  is  another  drcumstance  absolutely  ne- 
oesHury  fin*  the  stability  of  the  ring.  The  redundancy  of 
the  cquatcHT,  and  flatness  of  the  ring,  fit  these  two  bodies 
far  acting  on  each  other  like  two  magnets,  so  as  to  adjust 
cMJi  other^B  motions. 

The  whole  of  this  analysis  of  the  mechanism  of  Satum'^s 
liog  is  of  the  most  intricate  kind,  and  is  carried  on  by  the 
waAnor  by  calculus  alone,  so  as  not  to  be  instructive  to  any 
Imt  veiy  learned  and  expert  analysts.  Several  points  of 
it,  however,  might  have  been  treated  more  familiarly. 
But,  after  all,  it  must  rest  entirely  on  the  truth  of  the  con- 
jeetnres  or  assumptions  made  for  procuring  the  possible 
application  of  the  fundamental  equations. 

9Bt  The  Moon  presents  to  the  reflecting  mind  a  phe» 
ooBinion  that  is  curious  and  interesting.  She  always  pre- 
tnrts  the  same  face  to  the  Earth,  and  her  appearance  just 
now  perfectly  corresponds  with  the  oldest  accounts  we  have 
of  the  spots  on  her  disk.  These,  indeed,  are  not  of  very 
SBcient  date,  as  they  cannot  be  anterior  to  the  telescope. 
But  this  is  enough  to  shew  that  the  Moon  turns  round  her 
nis  in  precisely  the  same  time  that  she  revolves  round  the 
Enth.  Such  a  precise  coincidence  is  very  remarkable, 
md  naturally  induces  the  mind  to  speculate  about  the 
cniK  of  it  Newton  ascribed  it  to  an  oblong  oval  figure, 
note  dense,  or  at  least  heavier,  at  one  end  than  at  the 
other.  This  he  thought  might  operate  on  the  Moon  some- 
^t  in  the  way  that  gravity  operates  on  a  pendulum.  He 
drfnes  this  figure  in  Proposition  38.  B.  III. ;  and  as  the 
wcentridty,  or  any  deviation  of  its  centre  of  gravity  from 
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that  of  its  figure,  is  cxtreincly  small,  the  vis  dupofiau^  bj 
which  one  diameter  is  directed  towards  the  Earth,  is  also 
very  minute,  and  its  operation  must  be  too  slow  to  keep 
one  face  steadily  turned  to  the  Earth,  in  opposition  to  the 
momentum  of  rotation  round  the  axis,  seven  or  eight  days 
being  all  (he  time  that  is  allowed  for  producing  this  effect. 
Therefore  we  observe  what 'is  called  the  Libraiion  oTthe 
Moon,  arising  from  the  uniibrm  rotation  of  the  Moon, 
combined  with  her  unequable  orbital  motion.  One  diame- 
ter of  the  Moon  is  always  turned  to  the  upper  focus  of  her 
orbit,  because  her  angular  motion  round  that  focus  is  al- 
most perfectly  uniform,  and  therefore  corresponds  with 
her  tiniform  rotation.  But  that  diameter  which  is  towards 
us  when  the  Moon  is  in  her  apogee  or  perigee,  deviates 
from  the  Earth  almost  six  degrees  when  she  is  in  quadra- 
ture. But  although,  in  the  short  space  of  eight  days,  the 
pendulous  force  of  the  Moon  cannot  prevent  this  deviation 
altogether,  it  undoubtedly  lessens  it.  It  is  said  to  prodiioe 
another  effect.  If  the  original  projection  of  the  Moon  in 
the  tangent  of  her  orbit  did  not  precisely,  but  very  nearly, 
correspond  with  tlie  rotation  impressed  at  the  same  time, 
this  pendulous  tendency  would,  in  the  course  of  many 
ages,  gradually  lessen  the  difference,  and  at  last  make  the 
rotation  perfectly  commensurate  with  the  orbital  revolu- 
tion. 

But  we  apprehend,  that  tliis  conclusion  cannot  be  ad- 
mitted. For,  in  whatever  way  we  suppose  this  arranging 
force  to  operate,  if  it  has  been  able,  in  the  course  of  ages, 
to  do  away  some  small  primitive  difference  between  the 
velocity  of  rotation  and  the  velocity  of  revolution,  it  must 
ccrtmnly  have  been  able  to  annihilate  a  much  smaller  dif- 
ference  in  the  position  of  the  Moon's  figure,  namely,  the 
obliquity  of  the  axis  to  the  plane  of  the  orbit,*     It  de- 


**  The  axis  round  which  the  rotation  of  tlie  Moon  is  ixTformed  is 
inclined  to  the  plane  of  the  ecliptic  in  an  an^lc  of  SS^\  «nd  it  la  in- 
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wtes  about  1  or  S  degrees -from  the  perpendicular,  and  it 
firmly  retains  this  obliquity  of  position ;  and  no  observa^ 
tioQ  can  discover  any  deviation  from  perfect  parallelism  of 
the  axis  in  all  dtuations.  It  surely  requires  much  less 
Ktion  of  the  directing  force  to  produce  this  change  in  the 
poatioa  of  the  a?ds,  than  to  overcome  even  a  very  small 
difference  in  angular  motion,  because  this  last  difference 
accumulates,  and  makes  a  great  difference  of  longitude. 

These  considerations  seem  to  prove,  that  the  constant 
appearance  of  one  and  the  same  part  of  the  Moon^s  sur- 
fine  has  not  been  produced  by  the  cause  suspected  by 
NewtOD.  The  coincidence  has  more  probably  becQ  origi- 
BiL  We  have  no  reason  to  doubt,  that  the  same  consum- 
nale  skill  that  is  manifest  in  every  part  of  the  system,  in 
vUch  every  thing  has  an  accurate  adjustment,  pondere  et 
■flutiri,  also  made  the  primitive  revolution  rotation  of 
the  Moon  that  which  we  now  behold  and  admire.  The 
inift  lit  subserviency  to  great  and  good  purposes,  in  every 
thing  that  we  in  some  measure  understand,  leaves  us  no 
loom  to  imagine  that  this  adjustment  of  the  lunar  motions 
ift  Bfll  equally  pfoper. 

3GS.  Philosophers  have  speculated  about  the  nature  of 
that  body  of  faintly  shining  matter  in  which  the  Sun  seems 
nmiaged,  and  is  called  the  zodiacal  lights  because  it  lies 
IB  the  zodiac.  It  is  rarely  perceptible  in  this  climate,  yet 
may  sometimes  be  seen  in  a  clear  night  in  February  and 
March,  appearing  in  the  west,  a  little  to  the  north  of  where 
the  Sun  set,  like  a  beam  of  faint  yellowish  grey  light, 
sfamting  toward  the  north,  and  extending,  in  a  pointed  or 
kaf  shape,  about  eight  or  ten  degrees.     The  appearance  is 


dined  to  the  plane  of  the  lunar  orbit  82i.  It  is  always  situated  in 
the  plane  passing  through  the  poles  of  the  ecliptic  and  of  the  lunar 
erbiC  It  therefore  deviates  about  l|  from  the  axis  of  the  ecliptic, 
aod  f  from  that  of  the  Moon's  orbit.  The  descending  node  of  the 
Moon's  equator  ooincides  with  the  ascending  node  of  her  orbit. 
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nearly  what  Would  be  exhibited  by  a  shining  or  reflecting 
atmosphere  surrounding  the  Sun,  and  extending,  in  the 
phine  of  the  ecliptic,  at  least  as  far  as  the  orbit  of  Mer- 
cury, but  of  small  thickness,  the  whole  being  flat  like  a 
cake  or  disk,  whose  breadth  is  at  least  ten  times  its  thick* 
ness  in  the  middle. 

This  has  been  the  subject  of  speculation  to  the  mechani- 
cal philosophers.  It  is  something  connected  widi  the  Sun. 
We  have  no  knowledge  of  any  connecting  principle  but 
gravitation.  But  simple  gravitation  would  gather  thi«  at* 
mosphere  into  a  globular  shape,  whereas  it  is  a  very  oblate 
disk  or  lens.  Gravitation,  combined  with  a  proper  revo- 
lution of  the  particles  round  the  Sun,  might  throw  the  va- 
pour into  this  form ;  and  the  object  of  the  ipeculatiaa  if 
to  assign  the  rotation  that  is  suitable  to  it  If  the  wo^ 
diacal  light  be  produced  by  the  reflection  of  an  atmosplme 
that  is  retained  by  gravity  alone,  without  any  mutual  ad« 
hesion  of  its  particles,  it  cannot  have  the  form  that  we  ob- 
serve. The  greatest  proportion  that  the  equatorial  dia- 
meter  can  have  to  the  polar  is  that  of  8  to  2 ;  for,  beyond 
that,  the  centrifugal  force  would  more  than  balance  its  gra- 
vitation, and  it  would  dissipate.  A  very  strong  adhesioa 
is  necessary  for  giving  so  oblate  a  form  as  we  observe  in 
the  zodiacal  light.  Combined  with  this,  it  may  indeed  ex- 
pand to  any  degree,  by  rapidly  whirling  about,  as  we  see 
in  the  manufacture  of  crown«glass.  But  how  is  this  whirl- 
ing given  to  the  solar  atmosphere  ?  It  may  get  it  by  the 
mere  action  of  the  surface  of  the  Sun,  in  the  manner  de- 
scribed by  Newton  in  his  account  of  the  production  of  the 
Cartesian  vortices.  The  surface  drags  round  what  is  in 
contact  with  it  This  stratum  acts  on  the  next,  and  com- 
municates to  it  part  of  its  own  motion.  This  goes  on  from 
stratum  to  stratum,  ull  the  outermost  stratum  begins  to 
move  also.  All  this  while,  each  interior  stratum  is  drcu- 
lating  more  swiftly  than  the  one  immediately  without  it 
Therefore  they  are  still  acUng  on  one  another.     It  is  very 
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ciUent  that  a  pcnnanent  state  U  not  acquired,  till  all  turn 
round  to  the  same  time  willi  the  Sun's  body.  This  cir- 
mauunee  litniia  the  pu^sible  expaniiiou  of  an  atnioiiphere 
thai  does  not  cohere.  It  cannot  exceed  the  orbit  of  a  pW 
art  yiuch  would  revolve  round  the  Sun  ia  that  time.  But 
Ac  sodiual  light  extends  much  farther. 

Tbe  discoveries  of  Dr  Hcrschel  on  the  surface  oi  tlie 
Sun,  if  Gonlinncd  by  future  observaLion,  render  thia  pro- 
of the  eodiacal  light  inconceivable.  Fur  motions 
nges  are  observed  there,  which  shew  a  perfect 
,  not  constrained  by  the  adhesion  of  any  superior 
Braia.  This  would  give  a  constant  westerly  tuoiiun  oa  the 
Mt&ee  of  lite  Sun. 

Tlie  difficulty  in  accounting  for  this  phenomenon  ia 
pntly  increased  by  the  fact  that  when  a  comet  passes 
tbnogll  thiA  atmosphere,  tlie  tail  of  the  comet  ia  not  per- 
eiptibly  nJiected  by  it,  The  comet  of  174^  gave  a  very 
pni  opportunity  of  observing  this.  It  was  not  attended 
to;  but  iKc  descriptions  tlmt  are  given  of  the  appcarance& 
of  that  comet  shew  clearly  that  tlie  tail  was  (as  usual) 
dmAcd  almost  straight  upward  from  the  Sun,  and  thvr&t 
fan  it  mikeil  with  this  vapour,  or  whatever  It  may  be* 
vitlmit  any  mutual  disturbance. 

Il  ■ppears,  therefore,  on  the  whole,  that  we  ore  yet  ig- 
■omt  of  the  nature  and  mechanism  of  the  zodiacal  light. 

S64.  Before  concluding  this  subject,  it  is  not  improper 
to  takp  Bonie  notice  of  an  observation  to  which  great  im> 
pert«nce  liiu  been  altached  by  a  certain  class  of  philoso- 
jJ^Kn.  Wo  shall  6nd  it  demonstrated  in  its  proper  place* 
Iktt  when  tlie  force  which  impels  a  firm  body  forward,  acta 
ti  ■  direction  wluch  paasea  ihruugli  its  centre  of  gravity,  it 
inertly  impels  it  forward.  The  body  moves  in  that  diree- 
lion,  and  every  panicle  moves  alike,  so  that,  during  iis 
prapma,  the  body  preserves  the  same  attitude  (so  to 
■pMJt).  Taktnft  any  tranverse  line  of  the  body  for  a  <i'ui- 
nfi  exprem  tlte  crrcumitance  by  saying,  that  this 
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diameter  keeps  parallel  to  itself,  that  is,  all  its  sucoesdVe 
positions  are  parallel  to  its  first  }x>8ition.  But,  when  the 
moving  force  acts  in  a  line  which  passes  on  one  side  of  the 
centre  of  the  body,  the  body  not  only  advances  in  the  di- 
rection of  the  ibrce,  but  also  changes  its  attitude,  by  turn- 
ing round  an  axis.  This  is  easily  seen  and  understood  in 
some  simple  cases.  Thus,  if  a  beam  of  timber,  floating  on 
water,  be  pushed  or  pulled  in  the  middle,  at  right  angles 
to  its  length,  it  will  move  in  that  direction,  keeping  paral« 
lei  to  its  first  position.  But,  if  it  be  pushed  or  pulled  in 
the  same  direction,  applying  the  force  to  a  point  situated 
at  the  third  of  its  length,  that  end  is  most  affected  (as  we 
shall  see  fully  demonstrated)  and  advances  fastest,  while 
the  remote  end  is  left  a  little  behind.  In  this  particular 
case,  the  initial  motion  of  all  the  parts  of  the  beam  is  the 
same  as  if  the  remote  end  were  held  fast  for  an  instant  If 
the  impulse  has  been  nearer  to  one  end  than  ^  of  die 
length,  the  remote  end  will,  in  the  first  instant^  even  move 
a  little  backward.  We  shall  be  able  to  state  precisely  the 
relation  that  will  be  observed  between  the  progressive  m(^ 
tion  and  the  rotation,  and  to  say  how  far  the  centre  of  the 
body  will  proceed  while  it  makes  one  turn  round  the  axis. 
We  shall  demonstrate  that  this  axis,  round  which  the  body 
turns,  always  passes  through  its  centre  of  gravity  in  a  cer- 
tain determined  direction. 

It  very  rarely  happens  that  the  direction  of  the  impel- 
ling force  passes  exactly  through  the  centre  of  a  body ;  and 
accordingly  we  very  rarely  observe  a  body  moving  forward 
in  free  space  without  rotation.  A  stone  thrown  from  die 
hand  never  does.  A  bomb-shell,  or  a  cannon-bullet,  has' 
commonly  a  very  rapid  motion  of  rotation,  which  gready 
deranges  its  intended  direction. 

The  speculative  philosophers,  who  wish  to  explain  all 
the  celestial  motions  mechanically,  think  that  they  explain 
the  rotation  of  the  planets,  and  all  the  phenomena  depend- 
ing  on  it,  by  saying,  that  one  and  the  same  force  produced 
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Uk  m'olatkin  round  the  Sun,  and  ihe  roUiioii  round  tlic 
ttit;  aod  produced  those  motions,  because  the  direction  of 
Ae  pnuiiiive  impulse  did  not  pass  precisely  tlirough  die 
milre  of  (he  planet.  They  even  shew,  by  calculation,  the 
diflanoe  between  the  centre  and  the  line  of  direction  of' the 
inpclling  force.  ThuK,  they  shew,  that  the  point  of  iui- 
pnlsAn  on  this  Eortli  is  distant  from  its  centre  j}?  of  its 
<£uiwt«T. 

Hkving  thus  accounted,  as  tJiey  imagine,  for  the  Earth's 
rotatjon,  Uiey  say  that  this  rotation  causes  the  Karlh  to 
t*el(  oui  all  around  the  et^uator,  and  they  asugn  tiic  pre- 
OM Momtricity  thai  the  spheroid  must  aa)uire.  They  llien 
de»,  that  the  action  of  the  Sun  and  Moon  on  this  equa- 
lohkl  |Votuberance  deranges  Ihe  rotation,  so  tliat  the  axis 
<bB  DM  remain  parallel  to  itself,  and  pnxluces  the  pheno- 
nmiKi  called  the  precession  uf  the  equinoxes.  And  thus 
til  IB  explained  aiechoDtcally.  And  on  this  explanation  it 
aaaJDctun:  is  founded,  which  leads  to  very  magnificent  con- 
HpduBi  of  the  visible  unicerse.  The  Sun  turns  round  an 
*Bt.  Analogy  should  lead  us  to  ascribe  this  to  Ihe  same 
twmt  to  the  action  of  a  force  whose  direclion  does  not 
pBB  ttmni^h  his  centre.  If  so,  the  Sun  has  also  a  progrcs- 
m  notian  tlirough  the  boundless  sjiace,  carrying  all  the 
fhoeUjuul  comets  along  with  him,  just  as  wc  observe  Ju- 
fUtmd  Saturn  carrying  th»i  satellites  rouud  their  annual 

TUt  i«,  for  the  most  ))art,  (>erfecCly  just.     A  planet 
1  its  axiH  and  advances ;  and,  tlierefore,  the  force 
I  rroni  the  actual  oonijxisitiun  of  all  tliejbrctf 
crated  in  prtxlucing  both  motions,  does  not  puim 
i  centre  of  the  planet,  but  precisely  at  tlie  dis- 
Mugned  by  these  gentlenuii.     But  there  is  nothing 
lauation  in  all  this.     From  ilie  manner  in  which  the 
Itaudils  ttpjilication  are  made,  we  arc  misled  in  our 
I  of  tlie  fact,   and  the  iniagiiuitiun  immediately 
iaingie  farce,  bucli  as  we  orv  accustomed  to  ap))ly 
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in  our  operations,  acting  in  one  precise  line,  and,  there- 
fore, on  one  point  of  the  body.  It  is  this  amplification  of 
conception  alone  which  gives  the  remark  the  appearance 
of  explanation.  A  mathematician  may  thus  give  an  expla- 
nation of  a  first-rate  ship  of  war  turning  to  windward,  by 
shewing  how  a  rope  may  be  attached  to  tlie  ship,  and  how 
this  rope  may  be  pulled,  so  as  to  make  her  describe  the 
very  line  she  moves  in.  But  the  seaman  knows  that  tlus 
is  no  explanation,  and  that  he  produced  this  motion  of  the 
ship  by  various  manoeuvres  of  the  sails  and  rudder.  The 
only  explanation  that  could  be  given,  corresponding  to  the 
natural  suggestion  by  this  remark,  would  be  the  shewing 
some  general  fact  in  the  system,  in  which  this  singie 
force  may  be  found  that  must  thus  impel  the  planets  ec- 
centrically, and  thus  urge  them  into  revolution  and  rota- 
tion at  once,  as  they  would  be  urged  by  a  stroke  from  some 
other  planet  or  comet.  With  respect  to  this  Earth,  there 
is  not  the  least  appearance  of  the  effect  which  must  have 
been  produced  on  it,  had  it  been  urged  into  motion  by  a 
single  force  applied  to  one  point.  The  force  has  been  a}^ 
plied  alike  to  every  particle ;  there  is  no  appearance  of  any 
such  general  force  competent  to  the  production  of  such 
motions.  Nay,  did  we  clearly  perceive  the  existence  of  such 
a  force,  we  should  be  as  far  from  an  explanation  as  ever. 
It  is  not  enough  that  Jupiter  receives  an  impulse  which 
impresses  both  the  progressive  and  rotative  motion.  His 
four  satellites  must  receive,  each  separately,  on  impulse  of 
a  certain  precise  intensity,  and  in  a  certain  precise  direction, 
very  different  in  each,  and  which  cannot  be  deduced  from 
any  thing  that  we  know  of  matter  and  motion.  No  prin- 
ciple of  general  influence  has  been  contrived  by  the  zealous 
patrons  of  this  system  (fo/*  it  is  a  system)  that  gives  the 
smallest  satisfaction  even  to  themselves,  and  they  are 
obliged  to  rest  satisfied  with  expressing  their  hopes  that  it 
may  yet  be  accomplished. 

But  suppose  that  an  expert  mechanician  should  shew- 
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how  the  planets,  satellites,  and  comets,  may  be  so  placed 
that  an  impulse  may  at  once  be  g^ven  to  them  all,  precisely 
competent  to  the  production  of  the  very  motions  that  we 
observe,  which  motions  will  now  be  maintained  for  ever  by 
the  universal  operation  of  gravity,  we  should  certainly 
admire  his  sagacity  and  his  knowledge  of  nature.  But  we 
still  wonder  as  much  as  ever  at  the  nice  adjustment  of  all 
tlus  to  ends  which  have  evidently  all  the  excellence  that 
order  and  symmetry  can  give,  while  many  of  them  are  in- 
dispensably subservient  to  purposes  which  we  cannot  help 
thinking  good.  The  suggestion  of  purpose  and  final  causes 
is  as  strong  as  ever.  It  is  no  more  eluded  than  it  would 
he,  sliould  any  man  perfectly  explain  the  making  of  a 
vatch  wheel,  by  shewing  that  it  was  the  necessary  result 
of  the  shape  and  hardness  of  the  files  and  drills  and  chisels 
cnploycd,  and  the  intensity  and  direction  of  the  forces  by 
vhich  those  tools  were  moved ;  and  having  done  all  this, 
diould  say  that  he  had  accounted  for  the  nice  and  suitable 
Arm  of  the  wheel  as  part  of  a  watch.  And,  with  respect 
to  the  subsequent  oblate  form  of  the  planet  set  in  rotation, 
the  mechanical  explanation  of  this  is  incompatible  with  the 
opposition  that  the  revolution  and  rotation  are  the  efFects 
of  one  simple  force.  The  oblate  form,  if  acquired  by  ro- 
titicm,  requires  primitive  fluidity,  which  is  incompatible 
with  the  operation  of  one  simple  force  as  the  primitive 
■ofer.  There  is  no  proof  whatever  that  this  Earth  was 
flnginally  fluid ;  it  is  not  nearly  so  oblate  as  primitive 
fluidity  requires ;  yet  its  form  is  so  nicely  adjusted  to  its 
station,  that  the  thin  film  of  water  on  it  is  distributed 
Wh  perfect  uniformity.  We  arc  obliged  to  grant  that  a 
fixm  has  been  originally  given  it  suitable  to  its  destina- 
tiQii,  and  we  enjoy  the  advantages  of  this  exquisite  adjust* 
mmt 

I  acknowledge  that  the  influence  of  fmal  causes  has  been 
frequently  and  cgregiously  misapplied,  and  thai  these 
fP^onmt  and  precipitate  attempts  to  explain  phenomena,  or 
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to  aooount  for  them,  and  even  sometimes  to  authenticate 
them,  have  certmnly  ol:»structed  the  progress  of  true  science. 
But  what  gift  of  God  has  not  been  thus  abused  ?  A  true 
philosopher  will  never  be  so  regardless  of  logic  as  to  ad^ 
duce  final  causes  as  arguments  for  the  reality  of  any  fact ; 
but  neither  will  he  have  such  a  horror  at  the  appearances  of 
wisdom,  as  to  shun  looking  at  them.  And  we  apprehend, 
that  imless  some 

*  Frigidus  obstetirit  circum  prcecordia  aanguiSf 
it  is  not  in  any  man^s  power  to  hinder  himself  from  p«v 
ceiving  and  wondering  at  them.     Surely 

*  To  look  thro''  ruUure  up  to  Nature's  God^^ 
cannot  be  an  unpleasant  task  to  a  heart  endowed  with  an 
ordinary  share  of  sensibility ;  and  the  face  of  nature,  ex* 
pressing  the  Supreme  Mind  which  gives  animation  to  its 
features,  is  an  object  more  pleasing  than  the  mere  work- 
ings  of  blind  matter  and  motion. 

But  enough  of  tliis.-— We  sliall  close  this  subject  of 
planetary  figures  by  slightly  noticing,  for  the  present,  a 
consequence  of  the  oblate  form  perceptible  in  all  the  pla- 
nets which  turn  round  their  axes ;  in  the  explanation  of 
which  the  penetration  of  Newton^s  intellect  is  eminently 
conspicuous. 

365.  In  sec.  339,  and  several  following  paragraphs,  we 
explained  the  effects  arising  from  the  inclination  of  the 
Moon^s  orbit  round  the  Earth  to  the  plane  of  the  Earths 
orbit  round  the  Sun.  We  saw,  for  example,  that  when 
the  intersection  of  the  two  planes  is  in  the  line  A  B  (Kg. 
35.)  of  quadrature,  the  Moon  is  perpetually  drawn  out  of 
that  plane,  and  her  path  is  continually  bent  down  towaid 
the  ecliptic,  during  her  moving  along  the  semicircle  ACB, 
and  she  describes  another  path  A  c  6,  crossing  the  edipCk 
in  by  nearer  to  A  than  B  is.  In  the  other  half  of  her 
orbit,  the  same  deviation  is  continued,  and  the  Moon  again 
crosses  the  ecliptic  before  she  come  to  A,  crosses  her  last 
path  near  to  c,  and  the  ecliptic  a  third  time  at  d,  and  so 
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on  oontinuaUy.  Hence  arises  the  retrograde  motion  of  the 
nodes  of  the  lunar  orbit.  We  shewed  that  this  obtains,  in 
a  greater  or  less  degree,  in  every  position  of  the  nodes,  ex- 
cept when  they  are  in  the  line  of  syzigy. 

What  is  true  of  one  Moon  would  be  true  of  any  num- 
ber: It  would  be  true,  were  there  a  complete  ring  of 
mooDS  surrounding  the  Earth,  not  adhering  to  one  another. 
We  saw  that  the  inclination  of  the  orbit  is  continually 
changing,  being  greatest  when  the  nodes  are  in  the  line  of 
the  syagies,  and  smallest  when  they  are  in  quadrature^ 
Now,  if  we  apply  this  to  a  ring  of  moons,  we  shall  find 
that  it  will  never  be  a  ring  that  is  all  in  one  plane,  except 
when  the  nodes  are  in  the  syzigies,  and  at  all  other  times 
lill  be  warped  or  out  oF  shape.  Now,  let  the  moons  all 
cohere,  and  the  ring  becomes  stiff;  and  let  this  happen 
vhen  its  nodes  are  in  syzigy.  It  will  turn  round  without 
&tiirbance  of  this  sort.  But  this  position  of  the  nodes  of 
the  ring  soon  changes,  by  the  Sun^s  change  of  relative 
situation,  and  now  all  the  derangements  begin  again.  The 
ling  can  no  longer  go  out  of  shape  or  warp,  because  we 
mi^  suppose  it  inflexible.  But,  as  in  the  course  of  any 
one  revolution  of  the  Moon  round  the  Earth,  the  inclina^ 
tion  of  the  orbit  would  either  be  increased,  on  the  whole, 
or  diminished,  on  the  whole,  and  the  nodes  would,  on  the 
vhoie,  recede,  this  effect  must  be  observed  in  the  ring. 
When  the  nodes  are  so  situated,  that,  in  the  course  of  one 
revolution  of  a  single  Moon,  the  inclination  will  be  more 
increased  in  one  part  than  it  is  diminished  in  another,  the 
<fpo8ite  actions  on  the  different  parts  of  a  coherent  and 
inflexible  ring  will  destroy  each  other,  as  far  as  they  are 
cqaal,  and  the  excess  only  will  be  perceived  on  the  whole 
ring:  Hence,  we  can  infer,  with  great  confidence,  that 
fioin  the  time  that  the  nodes  of  the  ring  are  in  syzigy  to 
the  time  they  are  in  quadrature,  the  inclination  of  the  ring 
of  moons  will  be  continually  diminishing;  will  be  least  of 
all  when  the  Sun  is  in  quadrature  with  the  line  of  the 
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nodes ;  and  will  increase  to  a  maximum,  when  the  Sun 
again  gets  into  the  line  of  the  nudes,  that  is,  when 
the  nodes  are  in  the  line  of  the  syzigies.  But  the  inertia 
of  the  ring  will  cause  it  to  continue  any  motion  that  is  ac-> 
cumulated  in  it  till  it  be  destroyed  by  contrary  forces. 
Hence,  the  times  of  the  maximum  and  minimum  of  in- 
clination will  be  considerably  different  from  what  is  now 
stated.     This  will  be  attended  to  by  and  by. 

For  the  same  reason,  the  nodes  of  the  ring  uill  continu- 
ally recede ;  and  this  retrograde  motion  will  be  most  re- 
markable when  the  nodes  are  in  quadrature,  or  the  Sun  in 
quadrature  with  the  line  of  the  nodes ;  and  will  gradually 
become  less  remarkable,  as  the  nodes  approach  the  line  of 
the  syzigies,  where  the  retrograde  motion  will  the  least 
possible,  or  rather  ceases  altogether. 

All  these  things  may  be  distinctly  perceived,  by  steadily 
considering  the  manner  of  acting  of  the  disturbing  force. 
This  steady  contemplation,  however,  is  necessary,  as  some 
of  the  effects  are  very  unexpected. 

Suppose  now  that  this  ring  contracts  in  its  dimensions. 
The  disturbing  force,  and  all  its  effects,  must  diminish  in 
the  same  proportion  as  the  diameter  of  the  ring  diminishes. 
But  they  will  continue  the  same  in  kind  as  before.  The 
inclination  will  increase  till  the  Sun  comes  into  the  line  of 
the  nodes,  and  diminish  till  he  gets  into  quadrature  with 
them.  Suppose  the  ring  to  contract  till  almost  in  contact 
with  the  Earth's  surface.  The  recess  of  the  nodes,  instead 
of  being  almost  three  degrees  in  a  month,  will  now  be  oolj 
three  minutes,  and  the  change  of  inclination  in  three  months 
will  now  be  only  about  five  seconds. 

Suppose  the  ring  to  contract  still  more,  and  to  cohere 
with  the  Earth.  This  will  make  a  great  change.  The  ten- 
dency of  the  ring  to  change  its  inclination,  and  to  change  its 
intersection  with  the  ecliptic,  still  continues.  But  it  can- 
not  now  produce  the  effect,  without  dragging  with  it  the 
whole  mass  of  the  Earth.     But  the  Earth  is  at  perfect 
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liberty  in  empty  space,  and  being  retained  by  nothing, 
yields  to  every  impulse,  and  therefore  yields  to  this  action 
of  the  ring. 

Now,  there  is  such  a  ring  surrounding  the  Earth,  hav* 
ing  precisely  this  tendency.  The  Earth  may  be  consider- 
ed as  a  sphere,  on  which  there  is  spread  a  quantity  of  re- 
dundant matter  which  makes  it  spheroidal.  The  gravita- 
tkm  of  this  redundant  matter  to  the  Sun  sustains  all  those 
disturbing  forces  which  act  on  the  inflexible  ring  of  moons ; 
•od  it  will  be  proved,  in  its  proper  place,  that  the  effect  in 
cbanging  the  position  of  the  globe  is  |  of  what  it  would  be, 
if  all  this  redundant  matter  were  accumulated  on  the  equa- 
tor. It  will  also  appear,  that  the  force  by  which  every 
pirticle  of  it  is  urged  to  or  from  the  plane  of  the  ecliptic, 
is  as  its  distance  from  that  plane.  Indeed,  this  appears  al- 
>«idy,  because  all  the  disturbing  forces  acting  on  the  par- 
ticles of  this  ring  are  similar,  both  in  direction  and  propor- 
tioo,  to  those  which  we  shewed  to  influence  the  Moon  in  the 
nnilar  situations  of  her  monthly  course  round  the  Earth. 
Smilar  effects  will  therefore  be  produced. 

Let  us  now  sec  what  those  effects  will  be. — The  lunar 
nodes  continually  recede ;  so  will  the  nodes  of  this  equato- 
rial ring,  that  is,  so  will  the  nodes  of  the  equator,  or  its  in- 
tersectbn  with  the  ecliptic.  But  the  intersections  of  the 
equator  with  the  ecliptic  are  what  we  call  the  Equinoctia. 
Points.  The  plane  of  the  Eartlfs  equator,  being  produced 
to  the  starry  heavens,  intersects  that  seemingly  concave 
fhere  in  a  great  circle,  which  may  be  traced  out  among  the 
tea,  and  marked  on  a  celestial  globe.  Did  the  Earth^s 
aquator  always  keep  the  same  position,  this  circle  of  the 
iieavens  would  always  pass  through  the  same  stars,  and  cut 
the  ecliptic  in  the  same  two  opposite  points.  When  the  Sun 
Qonies  to  one  of  those  points,  the  Earth  turning  round  under 
Km,  every  point  of  its  equator  has  him  in  the  zenith  in 
MKceision ;  and  all  the  inhabitants  of  the  Earth  see  him 
Ma  and  set  due  east  and  west,  and  have  the  day  and  niglit 
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of  the  same  length.  But  in  the  ooune  of  a  year,  the  actioii 
of  the  Sun  on  the  protuberance  of  our  equator  deranges  it 
from  its  former  position,  in  such  a  manner  that  each  of  its 
intersections  with  the  ecliptic  is  a  little  to  the  westward  of 
its  former  place  in  the  ecliptic,  so  that  the  Sun  comes  to 
the  intersection  about  20'  before  he  reaches  the  intersectioii 
of  the  preceding  year.  This  anticipation  of  the  equal  din- 
sion  of  day  and  night  is  therefore  called  the  pbecrssion  of 

THE  equinoxes. 

The  axis  of  diurnal  revolution  is  perpendicular  to  the 
plane  of  the  equator,  and  must  therefore  change  its  positioD 
also.  If  the  inclination  of  the  equator  to  the  ecliptic  were 
always  the  same  (^3ji  degrees),  the  pole  of  the  diurnal  re- 
volution of  the  heavens  (that  is,  the  point  of  the  heav^is  in 
which  the  Earth's  axis  would  meet  the  concave)  would  keep 
at  the  same  distance  of  23i  degrees  from  the  pole  of  the 
ecliptic,  and  would  therefore  always  be  found  in  the  cir- 
cumference of  a  circle,  of  which  the  pole  of  the  ecliptic  is 
the  centre.  The  meridian  which  passes  through  the  poles 
of  the  ecliptic  and  equator  must  always  be  perpendicular  to 
the  meridian  which  passes  through  the  equinoctial  points, 
and  therefore,  as  these  shift  to  the  westward,  the  pole  of  the 
equator  must  also  shift  to  the  westward,  on  the  circum- 
ference of  the  circle  above-mentioned. 

But  we  have  seen  that  Uie  ring  of  redundant  matter  does 
not  preserve  the  same  inclination  to  the  ecliptic.  It  is  most 
inclined  to  it  when  the  Sun  is  in  the  nodes,  and  smallest 
when  he  is  in  quadrature  with  respect  to  them.  Therefore 
the  obliquity  of  the  equator  and  ecliptic  should  be  grealesl 
on  the  days  of  the  equinoxes,  and  smallest  when  the  Sun 
is  in  the  solstitial  points.  The  Eorth'^s  axis  should  twice  in 
the  year  incline  downward  toward  the  ecliptic,  and  twice  in 
the  intervals,  should  raise  itself  up  again  to  its  greatest  ele- 
vation. 

Something  greatly  resembling  this  series  of  motions  may 
be  observed  in  a  child*s  humming  top,  when  set  a  spinnings 
on  its  pivot.     An  equatorial  circle  may  be  drawn  on  this 
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top,  and  a  ciicular  hole,  a  little  bigger  than  the  top,  may 
be  cat  in  a  bit  of  stiff  paper.  When  the  top  is  spinning 
mj  steadily,  let  the  paper  be  held  so  that  half  of  the  top 
is  ibore  it,  the  equator  almost  touching  the  ^des  of  the 
bole.  When  the  whirling  motion  abates,  the  top  be^s  to 
dagger  a  little.  Its  equator  no  longer  coincides  with  the 
rim  of  the  hole  in  the  paper,  but  intersects  it  in  two  oppo- 
ite  points.  These  intersections  will  be  observed  to -shift 
round  the  whole  circiunfcrence  of  the  hole,  as  the  axis  of 
tbe  top  Teers  round.  The  axis  becomes  continually  more 
oblique,  without  any  periods  of  recovering  its  former  posi- 
doo,  and,  in  this  respect  only  the  phenomena  differ  irom 
tboie  of  the  precession. 

It  was  affirmed  that  the  obliquity  of  the  equator  is  great- 
at  it  the  equinoxes,  and  smallest  at  the  solstices.  This 
would  be  the  case,  did  the  redundant  ring  instantly  attain 
tbepontion  which  makes  an  equUibrmm  of  action.  But 
tbb  cannot  be ;  chiefly  for  this  reason,  that  it  must  drag 
along  with  it  the  whole  inscribed  sphere.  During  the  mo- 
im  from  the  equinox  to  the  next  solstice,  the  Earth'^s 
equator  has  been  urged  toward  the  ecliptic,  and  it  must  ap- 
proach it  with  an  accelerated  motion.  Suppose,  at  the  in- 
teit  of  the  solstice,  all  action  of  the  Sun  to  cease ;  this 
motioD  of  the  terrestrial  globe  would  not  cease,  but  would 
pon  fcMT  ever,  equably.  But  the  Sun's  action  continuing, 
ad  now  tending  to  raise  the  equator  again  from  the  eclip- 
tiE^  it  checks  the  contrary  motion  of  the  globe,  and,  at 
kogth,  annihilates  it  altogether ;  and  then  the  effect  of  the 
dmtiDg  force  begins  to  appear,  and  the  equator  rises 
agttn  from  the  ecliptic.  When  the  Sun  is  in  the  equinox, 
die  elevati<Hi  of  the  equator  should  be  greatest;  but  as  it 
anived  at  this  position  with  an  accelerated  motion,  it  con- 
tniues  to  rise  (with  a  retarded  motion)  till  the  continuance 
of  the  Sun^s  depressing  force  puts  an  end  to  this  rising ; 
nd  now  the  effect  of  the  depressing  force  begins  to  appear. 
For  these  reasons,  it  happens  that  the  greatest  obliquity  of 
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the  equator  to  the  ecliptic  is  not  on  the  days  of  the  equi- 
noxes, but  about  six  weeks  after,  viz.  about  the  first  of  May 
and  November  ;  and  the  smallest  obliquity  is  not  at  mid- 
summer and  midwinter,  but  about  the  beginning  of  Febru- 
ary and  of  August. 

And  thus,  we  find  that  the  same  principle  of  universal 
gravitation,  which  produces  the  elliptical  motion  of  the 
planets,  the  inequalities  of  their  satellites,  and  determines 
the  shape  of  such  as  turn  round  their  axis,  also  explains 
this  most  remarkable  motion,  which  had  baffled  all  the  at- 
tempts of  philosophers  to  account  for — a  motion  which 
seemed  to  the  ancients  to  affect  the  whole  host  of  heaven ; 
and  when  Copernicus  shewed  that  it  was  only  an  appear- 
ance in  the  heavens,  and  proceeded  from  a  real  small  mo- 
tion of  the  Earth'^s  axis,  it  gave  him  more  trouble  to  con- 
ceive this  motion  with  distinctness,  than  all  the  others.  All 
these  things — obvia  conspicimus  nubem  pelknti  maihesi, 

366.  Such  is  the  method  which  Sir  Isaac  Newton,  the 
sagacious  discoverer  of  this  mechanism,  has  taken  to  give  us 
a  notion  of  it.  Nothing  can  be  more  clear  and  familiar  in 
general.  He  has  even  subjected  his  explanation  to  the  se- 
vere task  of  calculation.  The  forces  are  known,  both  in 
quantity  and  direction.  Therefore  the  effects  must  be  such 
as  legitimately  flow  from  those  forces.  When  we  consider 
what  a  minute  portion  of  the  globe  is  acted  upon,  and  how 
much  inert  matter  is  to  be  moved  by  the  force  which  affects 
so  small  a  portion,  we  must  expect  very  feeble  effects.  All 
the  change  that  the  action  of  the  Sun  produces  on  the  in- 
clination of  the  equator  amounts  only  to  the  fraction  of  a 
second,  and  is  therefore  quite  insensible.  The  change  in 
the  position  of  the  equinoxes  is  more  conspicuous,  because 
it  accumulates,  amounting  to  about  9"  annually,  by  New- 
ton's calculation.  We  shall  take  notice  of  this  calculation 
at  another  time,  and  at  present  shall  only  observe  that  this 
motion  of  the  equinox  is  but  a  small  part  of  the  precession 
actually  observed.    This  is  about  50^''  annually.    It  would 
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therefive  seem  that  the  theory  and  observation  do  not  agree, 
ind  that  the  precesaon  of  the  ec^uinoxes  is  by  no  means  ex- 
pbined  by  it 

S67.  It  must  be  remarked  that  we  have  only  given  an 
mount  of  the  effect  resulting  from  the  unequal  gravitation 
of  the  terrestnal  matter  to  the  Sun.  But  it  gravitates  also 
to  the  Moon.  Moreover,  the  inequality  of  this  gravitation 
(oD  which  inequaUty  the  disturbancdt  depends)  is  vastly 
gretier.  The  Moon  being  almost  400  times  nearer  than 
the  Sun,  the  gravitation  to  a  pound  of  lunar  matter  is  al- 
aoit  640,000,000  times  greater  than  to  as  much  solar  mat- 
tir.  When  the  calculation  is  made  from  proper  data,  (in 
which  Newton  was  considerably  mistaken)  the  effect  of  the 
hmar  action  must  very  considerably  exceed  that  of  the  Sun. 
He  was  mistaken,  in  respect  to  the  quantity  of  matter  in 
the  Sun  and  in  the  Moon.  The  transit  of  Venus,  and  the 
oherrations  which  have  been  made  on  the  tides,  have 
Ixvmght  us  much  nearer  the  truth  in  both  these  respects. 
When  the  calculation  is  made  on  such  assumptions  of  the 
natter  in  the  Sun  and  Moon  as  are  best  supported  by  ob- 
KprftioQ,  we  find  that  the  annual  precession  occasioned  by 
the  Sun^s  action  on  the  equatorial  protuberance  is  about 
14"  or  15",  and  that  produced  by  the  Moon  is  about  35". 
The  precession  really  observed  is  about  50'\  and  the  agree- 
ment is  abundantlv  exact.  It  must  be  farther  remarked,  that 
thb  agreement  is  no  longer  inferred  from  a  due  proportion- 
ing of  the  whole  observed  precession  between  the  Sun  and 
the  Moon,  as  we  were  formerly  obliged  to  do ;  but  each 
ihire  is  an  independent  thing,  calculated  without  any  re- 
ference to  the  whole  precession.  It  is  thus  only  that  the 
phenomenon  may  be  affirmed  to  be  truly  explained. 

368.  For  this  demonstration  we  are  indebted  to  Dr  Brad- 
ley. His  discovery  of  what  is  now  called  the  nutation  of 
the  Earth'^s  axis,  gave  us  a  precise  measure  of  the  lunar 
acdcm  which  removed  every  doubt.  It  therefore  must  be 
CDDsidered  here. 
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Tbe  action  of  the  lumiiiiiries  on  the  Euth's  equator,  I^ 
which  tbe  position  ofit  is  deranged,  depends  on  the  magni- 
tude 1^  llie  angle  whicli  the  equator  makes  with  tbe  Jioe 
jdning  the  E^rth  with  the  disturbing  body.  Tbe  Sun  ii 
nerer  more  than  23^  degrees  from  the  equator.  But  wba 
the  Moon's  ascending  node  is  in  the  v»-nal  equinox,  tbe 
may  deviate  nearly  29  degrees  from  it.  And  when  the  node 
is  in  the  autumnal  ft)uinox,  she  cannot  go  more  thaa  Ii 
degrees  from  it.  Thus,  the  action  of  the  sun  is,  fram  jot 
to  year,  the  same.  But  as,  in  19  years,  tbe  Moon's  Doda 
take  all  situations,  the  acbon  of  the  Moon  is  very  varidile. 
It  was  one  of  the  effects  of  this  variation  that  Bradley  di». 
covered.  While  the  Earth's  equator  continued  to  open  f». 
thet  and  farther  from  the  hne  joining  the  Earth  with  ibe 
Mooo,  the  axis  of  the  Earth  was  gradually  depressed  nv 
wards  the  ecliptic,  and  the  diminution  of  its  inclinaUoo « 
last  anaouDled  to  18  seconds.  Dr  Bradley  saw  tliis  bjili 
■Dcreasitigi  the  declination  o(  a  star  properly  situated.  AS. 
ter  nine  years,  when  tbe  Moon  was  in  such  a  situation  ihil 
she  never  went  more  than  17°  from  the  Earth's  e^uiUir, 
the  same  star  had  18"  less  declination. 

369.  This  change  in  the  inclination  of  the  Earth's  eqiU' 
tor  b  accompanied  with  a  change  in  the  precession  of  the 
equinoxes.  This  must  increase  as  the  equator  is  more  opet 
when  viewed  from  the  Moon.  In  the  year  in  which  the 
lunar  ascending  node  is  in  the  vicinity  of  the  vernal  equinot, 
the  precession  is  more  than  58';  and  it  is  but  43"  wba 
the  node  is  near  the  autumnal  equinos.  These  are  voj 
c(xispicuous  changes,  and  of  easy  observation,  although  ksf 
unnoticed,  wliiie  blended  »ith  other  anomalies  equally  un- 
known. 

Few  discoveries  in  astronomy  bave  been  of  more  service 
to  tbe  science  than  this  of  the  nutation,  and  that  of  aberr» 
tioo,  both  by  I>r  Uradlev.     For  titi  they  "erv  known,  the" 
was  an  anomaly,  which  might  sometimes  araoant  toi 
(the  nun  of  nutation  and  abcmttioQ),  and  afiectedenr 
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and  every  tibservation.  So  theory  of  any  planet 
amid  be  freed  from  this  uncertainty.  But  nuw,  we  can 
gift  to  every  phenomenon  its  own  proper  motions,  with  all 
UwMCuncy  that  moclcrn  instruments  can  attain.  Without 
ittt  two  discoveries,  we  could  not  have  brought  the  boIu- 
too  oT  the  great  nautical  problem  of  the  longituJe  to  any 
itgne  of  perfection,  because  we  eould  not  rentier  either 
ibe  ubr  or  lunar  tables  perfect.  The  changes  in  the  posi- 
^of  Oie  Eartli'a  axis  by  nutation,  and  the  concomitant 
(fualion  of  the  precession,  by  recurring  in  the  most  regular 
UMiner,  hare  given  lis  the  most  exact  measure  of  the 
Stages  in  the  Moon's  action  :  and  therefore  gave  an  incon- 
Inmrtible  measure  of  her  whole  action,  because  the  pro- 
[Drtion  between  the  variation  and  the  whole  action  was  dis- 
fiactly  known. 

Tfaia  not  only  completes  the  practical  solution  of  the  pro- 
UoD,  but  gives  the  most  unquestionable  proof  of  the  sound- 
Uiof  llie  theory,  shewing  that  the  oblate  form  of  the 
Earth  is  tlic  cause  of  this  nutation  of  its  axi.i,  and  chtablisli- 
n^the  universal  and  mutual  attraction  of  all  matter.  It 
<hw*  wHh  what  confidence  we  may  proceed,  in  following 
ibit  Itw  of  gravitation  into  all  its  cousw[ucnQe5,  and  that  we 
o^  predict,  without  any  chance  of  mistake,  what  will  be 
Btrfto  uf  any  combination  of  circumstances  that  can  be 
BintioDGd.  And  it  surely  shews,  in  the  most  conspicuous 
WMer,  the  penetration  and  sagacity  of  Newton,  who  gave 
tocouragenient  to  a  surmise  so  singular  and  so  unlike  all 
■he  usual  tjuestions  of  progressive  motion,  even  in  all  their 
*«rietie*.  Yet  this  most  recondite  and  delicate  speculation 
Wane  of  his  early  thoughts,  and  is  one  of  the  twelve 
p^itions  which  he  read  to  the  Royal  Society. 

370.  It  must  be  acknowledged,  however,  that  this  manner 
of  ohiWting  the  theory  of  tlie  precession  of  the  eijuinoxes 
■dm  complete,  or  even  accurate  in  tlie  selection  of  the 
Pl^wal  circumstances  on  whicli  ihc  proof  proceeds.  It 
'  merdy  a  iN)puIur  way  oi'  leading'  tlie  mind  to  the  view  of 
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actions,  which  are  indeed  of  ihe  same  kind  with  iJkww 
ally  concurring  in  tiie  production  oi' tlie  ed'eci.  But  ii 
not  a  narration  of  the  real  actions.  Nor  are  llie  effecti- 
tfaose  that  are  employed  estimated  according  tu  thnt  n 
manner  of  acting.  The  whole  h  ratlitr  a  shrewd  gue«,  i| 
which  Newton's  gi'eat  penetration  enabled  him  to  catch  i| 
very  remote  analogy  between  the  libration  of  the  Moodh 
the  wavering  motion  of  the  Earth's  axis.  We  are  not  ia> 
condition,  in  this  part  of  the  course,  to  treat  this  {{UaAii 
in  the  proper  manner.  We  must  first  understand  the 
perties  of  the  lever  as  a  mcclianical  power,  and  tlie  Of 
tjon  of  the  connecting  forces  of  6rm  or  rigid  ItodiM.  Vtii 
we  have  said  will  suffice  however  for  giving  a  Ha/i) 
enough  conception  of  the  general  eflects  of  llie  ac^ 
remote  bodies  on  a  spheroidal  planet  turning  mund  its  ax 
It  is  scarcely  necessary  to  add  tiiat  the  other  planets  t 
not  sensibly  influence  tlie  motion  of  the  Earth's  axis.  Tl 
accumulated  action  may  add  about  ^  of  a  second  to  the: 
iiual  precession  of  the  equinoxes. 

The  planets  Mars.  Jupiter,  and   Saturn,  being  tu 
more  oblate  than  the  Earlh,  must  be  more  exposed  to  tU 
derangement  of  tlie  rotative  motion,     Jupiter  and  Satunj 
having   so    many    satellites,    which  take  va 
round  the  planet,  the  problem  becomes  immensely 
cated.     Hut  the  small  inclination  of  ihc  equator,  and  ibi 


'  To  t}io9L'  who  wish  to  Hlmly  tliia  vcrj  curious  aiid  difficult  ft 
blem,  I  glioulJ  n.'comtijend  die  solution  givtm  by  Frisios  in 
port  of  his  Cosmograpliin,  as  tlic  most  perspicuous  of  snj  tbtl  1 1 
aequninleilwiih.    Thedabonilepetlbrinanceof Mr  Wulmcsley.Ei 
D'Alembcrt,   nnd   La  Grange,  are  accessible  only  to  expert  • 
The  esany  by  T.  Simpson,  in  the  Philosophical  TransactiODB,  w 
p.  416,  ie  remnrksble  for  its  eimplidly,  but,  by  employing  the»j 
Uoil  or  algebraic  analyus,  the  student  is  not  to  much  aided  bj>  lb 
constant  accompaniment  of  physical  i^eat,  us  in  tlie  geometriol  Bi» 
thod  of  Fmius. 
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great  masft  of  the  planet,  and  its  very  rapid  rotation,  must 
greatly  diminiiih  the  effect  we  are  now  consideiing.  Mars, 
beiBg  small,  tum'mg  slowly,  and  yet  being  very  oblate,  must 
sustain  a  greater  degree  of  tliis  derangement ;  and  if  Mars 
had  a  satellite,  we  might  expect  such  a  change  in  the  posi- 
tion of  his  axis  as  should  become  very  sensible,  even  at  this 
distance. 

The  ring  of  Saturn  must  be  subject  to  similar  disturb- 
Slices,  and  must  have  a  retrogradation  of  its  intersection 
with  the  plane  of  the  orbit.  Had  we  nothing  to  consider 
but  the  ring  itself,  it  would  be  a  very  easy  problem  to  de- 
tomine  the  motion  of  its  nodes.  But  the  proximity,  and 
the  oblate  form,  of  the  planet,  and,  above  all,  the  compli- 
ested  action  of  the  satellites,  make  it  next  to  unmanageable. 
It  lias  not  been  attempted,  that  I  know  of.  It  may  (I 
think)  be  deduced,  from  the  Greenwich  observations  since 
1750,  that  the  nodes  retreat  on  the  orbit  of  Saturn  about 
SI' or  36' in  a  century,  and  that  their  longitude  in  1801 
Wttfi*  17*^  IS'  and  ir  17°  13'.  This  may  be  received  as 
more  exact  than  tlie  determination  given  in  art.  142. 

I  said,  in  art.  132,  that  we  have  seen  too  little  of  the  mo- 
tions of  Ceres  and  Pallas  to  announce  the  elements  of 
thdr  theories  with  any  thing  like  precision.  But,  that  they 
vigj  not  be  altogether  omitted,  the  following  may  be  receiv- 
ed as  of  most  authority  : 

Ceres.  Pallaib 

Mean  distance^  2767231  2767  l'i3 

Eccentri.  to  ni.  d.  1.      0.0785       0.2447 
Lon.  perih.  in  1318,  4.227.18      4.1.8— 

Pferiod  (sider.),  days,  1682.25  HOS'^ie*^ 

Memlon.Jan.  1818,10''26°5r  y^29°53' 
fl  Indin.  orbit,                10^38'      24°  37' 
Lon.  node  in  1818, 2^  20=^  45'      5.22.27 

These  bodies  present  some  very  singular  circumstances 
to  our  study ;  their  distances  and  periods  being  almost  the 

*  In  1819. 

6 


Juno. 

Vesta. 

2.669 

2.3632 

0.254 

0.1838 

l'^23"32'56" 

8510°19'36" 

1580 

1161 

3^  27°  45" 

6*  24°  46' 45" 

13°  3' 37" 

7°  7' 51" 

5*^21°  6' 50" 

3'13°10'41" 
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a  portkn.  The  mind  revolts  at  the  thought 
ii  is  Midded  irith  stttn  for  no  other  purpose  than  to 
die  aatroiMmier  in  his  computations,  and  to  furnish  a 
^BBlade  to  the  unthinking  multitude.  We  see  no- 
Utn  below,  or  in  bur  system,  wlhich  answers  but  one 
l^yurpuee;  and  we  require  that  a  potdtive  reason  shall 
fel  far  fimiting  the  Host  of  Heaven  to  so  ignoble  an 
ii"Al«udi  has  not  been  pven,  we  indulge  ourselves 
lltaMiog  thought  that  the  stars  make  a  part  of  the 
li^tto  leas  impcxrtant  in  purpose  than  great  in  extent 
0jll8tifiable,  by  what  we  in  some  measure  understand 
^■■fqf  iMh,  star  a  sun,  the  centre  of  a  planetary  sys- 
A  «f  dljoyment  like  our  own,  and  so  constructed  as 


ll'tfie  philosojAer  indulges  himself  in  those  amaz* 
|fc  phasing  thoughts,  he  must  r^ulate  his  specula- 
tes and  resemblances  to  things  more  fiuni- 
to  him.  We  must  suppose  those  systems  to 
own,  and  that  they  are  kept  together  by  a 
in  the  inverse  duplicate  ratio  of  the  distances, 
that  this  alone  will  insure  permanency  and 


|pw  doings  we  extend  the  influence  of  gravity  to 
jB^heoPceivably  greater  than  any  that  we  have  yet 
t  and  we  come  at  last  to  believe  that  gravitation 
c£  connection  which  unites  the  most  distant  bo- 
viflible  universe,  rendering  the  whole  one  great 
ibr  ever  operating  the  most  magnificent  purposes, 
^itB  All-perfect  Creator.  And,  when  we  see  that 
^gweaaxm  is  necessary  for  this  end,  we  are  apt  to 
t  gravity  is  essential  to  or  indispensable  in  that 
is  to  be  moulded  into  a  world, 
t  our  ignorance  mislead  us,  nor  let  us  measure 
by  that  small  scale  which  God  has  enabled  us 
We  can  see  some  drcumstances  of  resemUance 
^nces,  which  may  justify  the  application. 
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same,  and  their  longitudes  at  present  differing  very  little 
They  differ  considerably  in  eccentricity,  the  place  of  the 
node,  and  the  inclination  of  tlieir  orbits.  They  must  be 
greatly  disturbed  by  each  otiier,  and  by  Jupiter. 

With  these  observations  I  might  conclude  the  discusuoD 
of  the  mechanism  of  tlie  solar  system.  The  facts  observed 
in  the  appearances  of  the  comets  are  too  few  to  authorise 
me  to  add  any  thing  to  what  has  been  already  said  conoem- 
ing  them.  I  refer  to  Newton^s  Principia  for  an  account  of 
that  great  philosopher's  conjectures  concerning  the  lumiooua 
train  which  generidly  attends  them,  acknowledging  that  I 
do  not  think  these  conjectures  well  supported  by  the  esta- 
blished laws  of  motion.  Dr  Winthorp  has  given,  in  the 
57th  volume  of  the  PhiL  Tram,  a  geometrical  explanatioH 
of  the  mechanism  of  this  phenomenon  that  is  ingenious  and 
elegant,  but  founded  on  a  hypothesis  which  I  think  inad- 
missible. 

871.  No  notice  has  yet  been  taken  of  the  relatioiis  of 
the  solar  system  to  the  rest  of  the  visible  host  of  heaven ; 
and  we  liave,  hitherto,  only  considered  tlic  starry  heavcni 
as  affording  us  a  number  of  fixed  points,  by  which  we  may 
estimate  the  motions  of  the  bodies  which  compose  our  sjra- 
tem.  It  will  not,  therefore,  be  unacceptable  should  I  now 
lay  before  the  reader  some  reflections,  wliich  naturally  arise 
in  the  mind  of  any  person  who  has  been  much  occujned  io 
the  preceding  researches  and  speculations,  and  which  lead 
the  thoughts  into  a  scene  of  contemplation  far  exceeding  in 
magnificence  any  thing  yet  laid  before  the  reader.  As 
they  are  of  a  miscellaneous  nature,  and  not  susceptible  of 
much  arrangement,  I  shall  not  pretend  to  mark  them  by 
any  distinctions,  but  shall  take  them  as  they  naturally  offer 
themselves. 

The  fitness  for  almost  eternal  duration,  so  conspicuous 
in  the  constitution  of  the  solar  system,  cannot  but  suggest 
the  highest  ideas  of  the  intelligence  of  the  Great  Artist 
No  doubt  these  conceptions  will  be  very  obbcurc,  and  very 

1 
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iuJfqualc ;  but  we  shAll  find,  that  thi>  farther  we  advance 
in  our  koowJcilge  of  tlie  phei)oiiiena,  we  shall  we  the  more 
laadmire,  auJ  the  more  numerous  displays  of  great  wU- 
dust,  power,  luul  kind  intentions. 

Ii  is  not  thereJbre  fearful  supratiiion,  but  the  cbeert'ul 
Otidpatitxi  ot'u  gaoii  heart,  which  will  make  a  student  of 
unite  even  endeavour  to  form  to  himself  still  higher  no- 
Ucu  of  the  attributes  of  the  Divine  Mind.  He  cannot  dn 
lUs  in  a  <iin-ct  manner.  All  he  can  do  is  to  abstract  all 
Uiims  of  imperttwtion,  whether  in  power,  skill,  or  benevo- 
iral  iUentioiis,  and  he  will  suppose  the  Author  of  the  uni- 
(die  Id  be  infinitely  powerful,  wise,  and  good. 

It  is  impossible  to  stop  the  flights  of  a  speeulative  mind, 
■mud  by  such  plea^ng  notions.  Such  a  mind  will  form 
U  itjelf  ooiioaa  of  what  is  most  excellent  in  the  designs 
*tiicli  ft  perfect  'being  may  form,  and  it  finds  itself  under  a 
nt  of  acoessity  of  believing  that  the  Divine  Mind  will 
ndjr  form  such  designs.  This  romantic  wandering  has 
pnouisD  lo  many  strange  theological  opinions.  Not  doubt- 
ajf  (at  (ecst  in  the  moment  of  enthusiasm)  that  we  can 
judge  of  what  is  most  escellent,  we  take  it  for  granted  that 
tiiiaa^raturc  oi' our  heated  imagination  must  also  appear 
WW  excelleut  to  the  Supreme  Mind.  From  this  piinciple, 
Ibeulagiatis  have  ventured  to  lay  down  the  laws  by  which 
Ood  lumself  must  regulate  his  actions.  No  wonder  that, 
■  n  fkooful  a  foundation  as  our  capacity  tojudge  of  what 
B  Dutf  excellent,  have  been  erected  the  most  extravagant 
bbna;  and  timi,  in  the  cxuberitnce  of  religious  zeal,  the 
iliithor  of  all  has  been  described  as  the  most  Iknited  Agent 
mthe  univente,  forced,  in  every  action,  to  regulate  himrelf 
by  uur  poor  and  imperfect  notionsof  what  is  cxcellunl.  We, 
trbo  vtuiixh  from  the  sight,  at  the  distance  of  a  neighbour, 
mi  lul^w  hose  greatest  works  are  invisible  from  thcMooti 
'MtIhmc  whole  hnbitatiun  is  not  vtsiLile  in  a  spectator  in 
S»lini»— ih«ll  such  creatures  pi-elend  to  jmfgf  of  what  i» 
■optfincly  cxcelleni  ? 

'"      III.  T 
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Let  us  not  pretend  even  to  guess  at  the  specific  laws  bj 
which  the  conduct  of  the  Divinity  must  be  directed,  exoepi 
in  so  far  as  it  has  pleased  him  to  declare  them  to  us.  Wi 
shall  pursue  the  only  safe  road  in  this  speculation^  if  we  ea 
deavour  to  discover  the  laws  by  which  his  viable  and  oonii 
prehensible  works  are  actually  conducted.  The  more  m 
discover  of  these,  the  more  do  we  find  to  fill  us  with  admi> 
ration  and  astonishment.  The  only  speculations  in  wfakb 
we  can  indulge,  without  the  continual  danger  of  gclif 
astray,  arc  those  which  enlarge  our  notions  of  the  scene  on 
which  it  has  pleased  the  Almighty  to  display  his  perfe» 
tions.  This  will  be  the  undoubted  effect  of  enlarging  tin 
field  of  our  own  observation.  After  examining  this  Iowa 
world,  and  observing  the  nice  and  infinitely  various  adjoit 
mcnts  of  means  to  ends  here  below,  we  may  extend  our  ob 
servation  beyond  this  globe.  Then  shall  we  find  that,  H 
far  as  our  knowledge  can  carry  us,  there  is  the  same  aM^ 
and  the  same  production  of  good  effects  by  beautifully  C90H« 
trived  means.  We  have  lately  discovered  a  new  planet,  fif 
removed  beyond  the  formerly  imagined  bounds  of  the  jtla« 
netary  world.  This  discovery  shews  us,  that  if  there  an 
thousands  more,  they  may  be  for  ever  hid  from  our  eyes  ij 
their  immense  distance.  Yet  there  we  find  the  same 
taken  that  their  condition  shall  be  permanent.  They 
influenced  by  a  force  directed  to  tlic  Sun,  and  inversely  9$ 
the  square  of  the  distance  from  him  ;  and  they  describe  A 
lipses.  This  planet  is  also  accompanied  by  satellites,  doubU 
less  rendering  to  the  primary  and  its  inhabitants  senrioei 
similar  to  what  this  Earth  receives  from  the  Moon.  AD 
the  comets  of  whose  motions  we  have  any  precise  know- 
ledge, are  equally  secured  ;  none  seems  to  describe  a  para- 
bola or  hyperbola^  so  as  to  quit  the  Sun  fur  ever. 

This  mark  of  an  intention  that  this  noble  fabric  shall  con- 
tinue for  ever  to  declare  itself  the  work  of  an  Almighty  and 
Kind  Hand,  naturally  carries  forward  the  mind  into  that 
unbounded  space,  of  nhich  our  ^lar  system  occupies  so  in- 
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OBBidenlile  a  portioa.     The  mind  revolts  at  the  thought 
Ait  this  is  studded  with  stars  for  no  other  purpose  than  to 
wmt  the  astronomer  in  his  computations,  and  to  furnish  a 
gqr  qpectack  to  the  unthinking  multitude.    We  see  no- 
ttiif  here  bdow,  or  in  our  systemj  which  answers  but  one 
■Etttj  pinpose ;  and  we  require  that  a  positive  reason  shall 
k  ghren  for  limiting  the  Host  of  Heaven  to  so  ignoble  an 
dht.    As  such  has  not  been  given,  we  indulge  ourselves 
■  the  pleaang  thought  that  the  stars  make  a  part  of  the 
iHVffsey  no  less  important  in  purpose  than  great  in  extent. 
We  are  justifiable,  by  what  we  in  some  measure  understand 
amppdeing  tech  star  a  sun,  the  centre  of  a  planetary  sys- 
ta,  fiill  ef  enjoyment  like  our  own,  and  so  constructed  as 
tilut  for  ever. 

When  the  philosopher  indulges  himself  in  those  amaz- 
kg,  but  pleasing  thoughts,  he  must  regulate  his  specula- 
te! faj  analogies  and  resemblances  to  things  more  fami- 
Uf  known  to  him.     We  must  suppose  those  systems  to 
m  iiibli  our  own,  and  that  they  are  kept  together  by  a 
I^Rvkuion  in  the  inverse  duplicate  ratio  of  the  distances, 
hr  wt  know  that  this  alone  will  insure  permanency  and 
|Dod  order. 
Bat  in  so  doing,  we  extend  the  influence  of  gravity  to 
inconcdvably  greater  than  any  that  we  have  yet 
;  and  we  come  at  last  to  believe  that  gravitation 
iitbe  bond  of  connection  which  unites  the  most  distant  bo- 
fa  of  tlie  visible  universe,  rendering  the  whole  one  great 
Mdiine,  for  ever  operating  the  most  magnificent  purposes, 
lathy  of  its  All-perfect  Creator.     And,  when  we  see  that 
isdi  a  connexion  is  necessary  for  this  end,  we  are  apt  to 
ifeif^  that  gravity  is  essential  to  or  indispensable  in  that 
BMUer  that  is  to  be  moulded  into  a  world. 

But  let  not  our  ignorance  mislead  us,  nor  let  us  measure 
CToy  thing  by  that  small  scale  which  God  has  enabled  us 
to  UK,  unless  we  can  see  some  circumstances  of  resemblance 
01  the  appearances,  which  may  justify  the  application. 
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*  A  frame  of  material  nature  of  any  land  camotbeoi 
oeived  by  the  mind,  without  tuppoong  that  the  matter  i 
which  it  consists  is  influoioed  by  some  active  powei%  ea 
stituting  the  relations  between  its  dbfiierent  parts.  Wa 
there  only  the  mere  inert  materials  of  a  worid^  it  wmk 
hardly  be  better  than  a  chaos,  although  monldrd  intoi^ 
metrical  forms,  unless  the  fsfint  of  its  author  were  tsai 
mate  those  dead  masses,  so  as  to  bring  forth  chang^^j 
order,  and  beauty.  Our  illustrious  Newton  therefive  agi 
with  great  propriety,  that  the  business  of  a  true  phikp|i| 
is  to  investigate  those  active  powers,  by  which  the  com 
of  natural  events,  to  a  very  great  extent  at  least,  it  pafi 
tually  governed.  Philosophising  with  this  view,  he  dfati 
vered  the  law  of  universal  gravitation,  and  has  thus  gm 
the  brightest  q)eGimen  of  the  powers  of  humaD  nndfnfi 
ing.  i, 

The  notion  of  something  like  gravi^  seems  insepnll 
from  our  conception  of  any  estaUiahed  order  of  tlu^ps|| 
unless  some  principle  of  general  union  obtain  amd^g^i 
parts  of  matter,  we  can  have  no  conception  of  the  vojiM 
formation  of  the  individuals  of  which  a  world  may  be  CA 
posed. 

But  general  gravitation,  or  that  power  by  whidi  the  A 
font  bodies  belonging  to  any  system  are  connected,  ni^t 
on  one  another,  does  not  seem  so  inchspensaUy  necnm 

rJ 

*  For  many  of  the  thoaghu  in  what  follows,  the  reader  b  inddlp 
ed  to  a  Tery  ingenious  pamphlet,  published  by  Caddl  and  Daffai1| 

1777,  entitled,  Tkomghts  om  Grweral  Graviiatim.  It  it  rniKhllk 
Rgretted  that  the  anthor  has  not  arailed  himsdf  of  the  sncoeHfidli 
searches  of  astronomers  since  that  time,  and  prasecated  hii 
lent  hints.  If  it  be  the  perfbnnance  of  the  person  whom  1 1  .^  _ 
to  be  the  authw,  I  hare  such  an  opinion  of  his  acHteness,  aodflf  "^ 
justness  of  thought,  that  I  tiVe  this  opportunity  of  requestxicf^ 
to  turn  hts  attention  afresh  to  the  subject.  His  adyanti^ci,  hnk  % 
IvcKnt  situation  and  connexions,  are  pncdoiiSy  and  sfaouU 
kat 
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III  the  ?cr?  beiag  of  ihc  system,  as  parttmlar  gravity  is  to 
(he  beiii^  of  any  tndividuRl  in  it.  Wc  cannot  discern  any 
tbttirdity  in  the  suppoMtion  of  bodies,  sucli  as  tlic  pknt^ts, 
n  HiDated  with  respect  to  another  great  body,  such  aa  the 
Son,  u  to  receive  fruiii  it  suitable  degrees  of  light  and 
heal,  *ithuut  their  having  any  tendency  to  approach  the 
Sun,  or  each  otiier.  Rut  then,  how  far  such  limitation  of 
gnmty  may  be  a  possible  tiling,  or  bow  far  its  indefinite 
ateiukm  in  every  direction  may  be  involved  in  its  very  na- 
Ubi;  we  cannot  te]l,  until  wo  are  able  lo  consider  gravity 
uin  effed,  and  to  deduce  the  Isws  of  its  operation  from 
our  knowledge  of  its  cause. 

Tlui  the  influence  of  gravity  extends  into  the  boundless 
•vd,  lo  the  greatest  assignable  distance,  seems  to  be  almost 
tht  hinge  of  the  Newtonian  philosophy.  At  least  tlierc  is 
iMtnng  that  warrants  any  limit  to  its  action.  Father  Bos- 
cwrich,  indeed,  shews  tlmt  all  the  phenomena  may  be  what 
thqr  are,  witJiimt  this  as  a  necessary  consequence.  But 
hr  b  plainly  induced  to  bring  forward  ilie  hmilation  in  or- 
da  lo  avoid  what  has  been  thought  a  necessary  consequence 
ef  the  ndelinile  extension  of  gravity;  and  what  he  offers 
if  a  nwn  possibility. 

Now,  tf  BUi^  extension  of  gravitation  be  inseparable,  in 
fact,  fimn  its  nature,  then,  ii'  all  the  boilies  of  our  system 
■KM  rrst  in  absolute  space,  no  sooner  does  the  influence 
of  general  gravitation  go  abroad  into  the  system,  than  all 
ikt planets  and  comets  must  lie^n  to  approach  the  Sun; 
■nd  in  A  very  sniall  number  of  days,  the  whole  of  the  solar 
iJlUm  must  fall  into  the  Sun,  and  be  destroyed. 

But,  that  this  fair  order  may  be  preserved,  and  eccomnio- 
ini  lo  this  extended  influence  of  gravity,  which  appears 
« cscntjal  U>  the  constitution  of  the  several  parts  of  the 
•Jteni,  we  see  ■  most  simple  and  efl'ectuol  prevention,  by 
llxilitnKluctioD  of  pnycctUe  fbrcex  and  pragrcasive  moliim. 
INv  upon  these  being  now  combined,  and  properly  adjusted 
*i|ti  tlw  variation  of  gravity,  the.  planets  are  mode  to  re- 
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volve  round  the  Sun  in  stated  courses,  by  which  thm  oaO' 
tinual  approach  to  the  Sun  and  to  one  another  is  jM'event^ 
ed,  and  the  adjustment  is  made  with  such  ezquunte  pro» 
priety,  tliat  the  perfect  order  of  things  is  ahnost  undiange- 
able.  This  adjustment  is  no  less  manifest  in  the  subotdi- 
nate  systems  of  a  primary  planet  and  its  satellites,  whidi 
are  not  only  regulated  by  tlieir  own  orbital  modons,  butaic 
the  constant  attendants  of  their  primaries  in  their  revolu- 
tion round  the  Sun. 

In  this  view  of  the  subject,  forasmuch  as  gravity  seens 
essential  to  the  constitution  of  all  the  great  bodies  of  the 
system,  and  in  so  far  as  its  indefinite  extension  may  be  in- 
separable from  its  nature,  it  appears  that  periodicat  moAm 
must  be  necessary  for  the  permanency  and  order  of  evieiy 
system  of  worlds  whatever. 

But  here  a  thought  is  suggested,  which  obviously  leads 
to  a  new  and  a  very  grand  conception  of  the  universe.  If 
periodical  modon  be  thus  necessary  for  the  preservadon  of 
a  small  assemblage  of  bodies,  and  if  Newton's  law  pretent 
to  us  the  whole  host  of  heaven  as  one  great  assemblage  af- 
fected by  gravitation,  we  must  still  have  recourse  to  perio* 
dical  motion,  in  order  to  secure  the  establishment  of  this 
grand  universal  system.  For  if  diere  be  no  bounds  to  the 
influence  of  gravitation,  and  if  all  the  stars  be  so  many 
suns,  the  centres  of  as  many  systems  (as  is  most  reasonable 
to  believe)  the  immensity  of  their  distance  cannot  satisfy  us 
ibr  their  being  able  to  remain  in  any  settled  order.  Those 
that  are  situated  towards  the  confines  of  this  magnificent 
creation  must  forsake  their  stations,  and,  with  an  approadi, 
continually  accelerated,  must  move  onwards  to  the  centre 
of  general  gravitation,  and,  after  a  scries  of  ages,  the  whole 
glory  of  nature  must  end  in  a  universal  wreck. 

As  the  system  of  Jupiter  and  his  satellites  is  but  an  epi- 
tome of  the  great  solar  system  to  which  he  belongs,  may 
not  this,  in  its  turn,  be  a  faint  representation  of  that  grand 
system  of  the  universe,  round  whose  centre  this  Sun,  with 
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odin;  planets,  and  an  incoticcivublc  multitude  of  like 
mltaa,  do  in  rt^itlily  revolve  ttccording  to  tlit^  Uw  of  gra- 
tiuiian  F  Nuw,  wilt  our  anticipation  of  disorder  and  ruiu 
tx  thu^ed  iulo  tile  ountemplalion  of  a  (X>uutlesa  number 
of  nierljr-iuijusted  motions,  all  proclaiming  the  sustainiog 
M  of  God. 

Thit  i»  indeed  a  grand,  and  almost  overpowering  thouglit; 
^JittUfied  both  by  reason  and  analogy.  The  grandeur, 
wf BVer,  of  itii*  universal  system  only  opens  upon  ua  by 
iigaxL.  Jl'it  n-30inble  our  soUr  system  in  coustnictiou, 
■hu  an  inoouceivable  display  ofcreationu  suggested,  when 
MInra  our  thoughts  towards  that  plm:e  which  the  motions 
tfwntwiy  revolving  systems  are  made  to  respect  I  Here 
■^  be  an  untbouglit-of  universe  of  itaclf,  an  example  of 
nuerial  crealinn,  which  must  individually  exceed  all  the 
tdwr  parts,  though  added  into  one  amount.  As  our  Sun 
kdnumi  four  tliouiiand  limes  bigger  than  all  his  attendants 
pn  together,  it  i»  not  unreasonable  to  suppose  the  same 
Ihng  htirc.  It  is  not  necessary  that  this  central  body  should 
The  groat  use  uf  it  is  not  to  illuminate,  but  to 
of  all  the  rest.  We  know,  however, 
lae  of  such  a  central  body  is  nut  necessary, 
illhoiigh  not  very  unetjual,  may  be  projected 
velocities,  and  in  such  directions,  that  they  will 
'  ever  round  ilieir  common  centre  of  position  and 
3iit  such  8  system  could  hardly  miuntoin  any 
f  motion  when  a  third  body  is  added.  It  may 
lid,  tlist  the  same  transcendent  wisdom,  whidi 
eilely  adapted  all  the  circumstances  of  our  sys- 
•djust  the  motions  of  an  immense  nimiber  of 
liieir  disturbing  actions  shall  accurately  com- 
rh  other,  But  still  the  beautiful  simplicity  that 
in  what  we  sec  and  understand,  seems  to  war> 
^(UUw  simplicity  in  this  great  system,  and  therefore 
^iht  existencL'  of  such  a  great  centrul  Itugulator  ol' 
Its  of  all  the  tnoftt  probable  euppo»ilion- 


296  PHYSICAL  ASTftOMOMY. 

Sober  reason  will  not  be  disposed  to  revolt  at  so  glorioa 
an  cxtcnnon  of  the  works  of  God,  however  much  it  ma 
overpower  our  feeble  conceptions.  Nay,  this  analogy  ac 
quires  additional  weight  and  authority  even  from  the  trai 
scendent  nature  of  the  universe  to  which  it  directs  ou 
thoughts.  Nothing  less  magnificent  seems  suitable  to 
Being  of  infinite  perfections. 

But  we  are  not  left  to  mere  conjecture  in  support  of  tfa: 
conception  of  a  great  universe,  connected  by  nutui 
powers.  There  are  circumstances  of  analogy  whidi  ten 
greatly  to  persuade  us  of  the  reality  of  our  conjecture 
circumstances  which  seem  to  indicate  a  connexion  amon 
the  most  distant  objects  of  the  creation  visible  from  ou 
habitation.  The  light  by  which  the  fixed  sUrs  are  see 
is  the  same  with  that  by  which  we  behold  our  Sun  and  U 
attending  planets.  It  moves  with  the  same  velodty,  as  w 
discover  by  comparing  the  aberration  of  the  fixed  stai 
with  the  eclipses  of  Jupiter^s  satellites.  It  is  refracted  an 
reflected  according  to  the  same  laws.  It  consists  of  tli 
same  colours.  No  opinion  can  be  formed,  therefisre,  ( 
the  solar  light,  which  must  not  also  be  adopted  with  n 
spcct  to  the  light  of  the  fixed  stars.  The  medium  of  t 
sion  must  be  acted  on  in  the  same  manner  by  bod 
whether  we  suppose  it  the  imdulation  of  an  etho*,  o#tli 
emisuon  of  matter  from  the  luminous  body.  In  ^thc 
case,  a  mechanical  connexion  obtains  between  those  bodiei 
however  distant,  and  our  system.  Such  a  oonnexioD  i 
mechanical  properties  induces  us  to  suppose,  that  graviti 
tion,  which  we  know  reaches  to  a  distance  which  exeeei 
all  our  distinct  conceptions,  extends  also  to  the  fixed  star 

If  this  be  really  die  case,  motion  must  ensue,  even  i 
producing  the  final  ruin  of  the  visible  universe;  and  per 
odic  motion  is  indispensably  necessary  for  its  permanency 

If  all  the  fixed  stars,  and  our  Sun,  were  equal,  an 
placed  at  equal  distances,  in  the  angles  of  r^ular  solid 
their  mutual  ruinous  approach  could  hardly  be  percavci 
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every  moment,  lliey  wnuld  still  have  the  same  re- 
btife  poM lions,  and  an  increase  of  brightness  is  &1I  that 
eould  mmiir  after  many  ages.  But  if  they  were  irregular- 
ly pbced,  and  unefiual,  their  relative  posilious  would 
dunge^  with  an  accelerated  motion,  and  this  change  might 
bKMM  wimble  aller  a  long  course  of  ages.  If  they  have 
pwwdiemi  motions,  suited  to  the  iiermancncy  of  the  grand 
mileoiof  the  universe,  the  changes  of  place  may  be  much 
Dm  sensible ;  and  if  we  suppose  that  thnr  difference  in 
brilEatify  n  owing  to  the  diDerences  in  their  distance  from 
It,  *e  nay  expect  that  these  changes  will  be  most  senu- 
Uiin  tlie  brightest  stars. 

hcta  are  not  wanting  to  prove  that  such  changes  really 
<klm  in  the  relative  positions  of  the  fixed  stars.  This 
■V  first  observed  by  that  great  astronomer,  mathcmali- 
au,  and  philosopher,  Dr  Mslley.  Me  found,  after  eom- 
panifr  llic  observations  of  Ariatillus,  Timochares,  and 
IWmy,  with  those  of  our  days,  that  several  of  the 
)k^;IM)»'  stars  had  changed  their  situation  remarkably  (See 
PUL  Trans.  No  SS5.)  Aldeboran  has  moved  to  the  soutJi 
■laatSf.  Syrius  hat)  moved  south  about  43',  and  Arc- 
Un^  lUo  tn  the  KMith,  about  33'.  The  eastern  shoulder 
tf  <Mao  has  moved  northward  about  61'.  Observations 
nnnlctn  limes  thew,  that  Arcturus  has  moved  in  TO 
|m  about  3'  S°.  This  ia  a  very  sensible  quantity,  and 
i  mijy  observed,  by  means  of  the  small  star  b  in  its  im- 
ocifiato  neighbourhood.  (See  Phil.  Trans,  LXIII.  also 
VttS;  and  Mem.  Par.  lTo5.)  byrius,  tn  like  manner, 
noiMes  its  latitudo  about  2'  in  a  century,  (Mem.  Par. 
nSS.)  jUdcbaran  moves  very  irregularly.  The  bright 
Mr  in  Aqwla  lias  changed  its  latitude  36'  since  the  time 
of  Ptotemy,  and  iJ'  since  the  time  of  Tycho.  This  is  easi- 
ly MCD  by  its  continual  separation  from  the  small  star  >. 

These  moUon)'  seem  to  indicate  a  motion  in  our  system. 
Hon  of  the  Stan  have  moved  toward  the  south.  The 
Ova  in  ihr  northern  quarters  seem  to  widen  their  relative 
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poBitions,  while  those  in  the  south  aeem  to  oontraci 
distances.  Dr  Hersohel  thinks*  that  a  comparisoii  of  al 
these  changes  indicates  a  motion  of  our  Sun  with  his  at 
tending  planets  toward  the  constellation  Hercules.  (Phil 
Tmns.  1788.)  A  learned  and  ingenious  friend  thinks  ii 
not  impossible  to  discoveir  this  motion  by  means  of  th 
aberration  of  the  stars.  Suppose  the  Sun  and  planets  U 
he  moving  toward  the  Fole*8tar,  and  that  his  motion  is  KM 
times  gr^s^r  than  that  of  tlie  Earth  in  her  orbit  (a  ver] 
moderate  suppositiooi  when  we  compare  the  orUtal  wotioi 
of  the  Earth  with  that  of  .the  Mooq),  every  equatorial  atai 
will  appear  about  34-'  north  of  its  true  plaoe,  when  viewtc 
throi^h  a  common  telescope,  but  only  29'  when  vie^ec 
through  a  telesoc^  filled  with  water.  The  declinalian<oi 
every  such  star  wiU  be  IV  less  through  a  water  telesoapi 
than  through  a  common  telescope.  Stars  out  of  the  equa 
tor  will  have  their  declination  diminislied  by  a  water. tide' 
scope  1 V  X  COS.  declination. 

In  17619  the  ingenious  Mr  Lambert  published  hi^  Lei 
ters  on  Cosmology  (in  the  German  language)^  in  wbid 
he  has  considered  this  subject  wUh  much  attention  and  «• 
genuity.  He  treats  0f  the  motion  of  the  Sun  round  a  ocu 
tral  body-— of  systems  of  systems,  or  milky-ways^  carriei 
round  an  immense  body*— of  systems  of  such  galaxies^^ 
and  of  the  great  central  body  of  the  imiverse.  In  iheM 
speculations  he  infers  much  from  final  causes,  and  is  oftei 
ingeniously  romantic.  But  Lambert  was  also  a  true  in 
ductive  philosopher,  and  makes  no  assertion  with  oonfi 
dedce  that  is  not  supported  by  good  analogies.  The  so 
tation  of  the  Sun  is  a  strong  ground  of  belief  to  Mr  Lai|i< 
bert  that  he  has  also  a  progressive  motion. 

Tobias  Mayer  of  Gottingen  speaks  in  the  same  manner, 
in  some  of  his  dissertations  published  after  his  death  bj 
Lichtenberg.  Sec  also  DaiUys  Account  of  Modern  Astra- 
nomy^  vol.  IL  664>,  689.  Mayer  of  Manheim  has  alsfl 
published  thoughts  to  this  effect.     See  Commeni.  Actvl 
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IV.    Pn\<M,  Stem.  Berlin  nSl.    MiUihe\,  PkU. 
TVbw.  LVII,  S52. 

Tbc  gravitMioii  to  the  fixed  stars  can  produce  no  sensi- 
ble (fi»iurbiiiicj;s  of  the  niolioQs  of  uur  system.  This  grn- 
flMboa  must  be  incnnceivably  minute,  by  reAaon  uf  the 
■■wnse  dutanc» ;  and,  as  they  are  in  all  quarlfrs  of  \h^ 
luMOM,  thvy  will  necirly  coiupeo^lv  rooti  other's  Bclina; 
uhI  ihr  intent  of  our  aystem  he'wg,  but  an  a  point  in  cum- 
Jtnaa  H'ith  the  dislunce  of  thu  ncarL-st  £tur,  the  graviliu 
UM 10  that  star  in  all  the  put§  ol'  out  aysteni  vowt  b«  w 
MaH^  equal  and  parallel,  that  du  sensible  deraagi^mcbt 
fU  be  eAcled,  even  after  ages  of  ages, 

Aa  a  iurdicf  circumstance  of  analugy  with  a  periodical 
—inn  in  tlie  whole  visible  universe,  we  niay  adduce  tlir 
nurkabli-  periodical  cliangca  of  brilliancy  that  are  oU 
Nmd  iu  many  uf  the  (ixed  stars. 

Ifus  woa  iirst  observLid  (I  think)  in  a  Maf  of  tbtt  cun- 
ttUuiBn  Hydra.  Moiilanari  had  nbsei-vcd  it  in  IGTU. 
alleftuMne  account  of  it  in  bis  pnpers,  wliivh  Atorakli 
tutk  notice  of.  Mnraldi,  aHer  long  searching  in  vain, 
foood  it  in  1704,  and  xaw  several  allernations  of  its  briglit- 
MM  aid  dimness,  but  ^vilhout  being  able  to  ascertain  thc-ir 
priod.  It  was  lung  lust  again,  till  Mr  Kdnard  I'igut 
(wad  It  in  1766.  He  detfriniued  its  period  to  be  404 
itjt,  Sinca  thai  time,  tliia  gontlenian,  and  his  tatheri 
*idia  Mr  (■<K)dricke,  have  given  more  aileuiipii  to  Lhi* 
AipirtiiMnt  of  astronomy,  and  their  cKample  has  beim  ful- 
Innd  by  otlier  aatnuioniers.  Mr  I'igut  ha$  given  us,  it) 
tiM.  Traru.  1 7Uli,  a  list  of  a  great  number  of  atari  (abovi; 
fikir)in  whicli  such  periodical  changes  huve  been  obfterved, 
■DdbM  giren  particular  determinations  of  twolvt-  or  tlur- 
Xn,  uncrtoining  their  jtcriods  with  preciiion.  The  whi^le 
ifcUoved  \iy  lomo  very  curious  mfleclions. 

Of  Umsc  ataia,  one  of  the  must  remarkable  ia  x  Cygnii 
IwiDgatwriodaT 4-15.^  days.  Son  PiUl.  Tnma.  So  $4^; 
**Mrm.Mwt  Farm,  W\%  1751). 
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Another  remarkable  star  is  ^  Ceti,  having  a  p 
334  days.  (See  Phil.  Trans.  No  134,  346 ;  Me 
1719.) 

There  is  another  sudi,  close  to  y  Cygni. 

The  double  star  C  Lyrse  exhilnts  very  angular 
anoes,  the  southernmost  sometimes  appearing  doul 
sometimes  accompanied  by  more  little  stars.  Grit 
Berlin  is  poative  that  it  has  planets  moving  round 

Some  of  those  stars  have  very  short  periods.  T 
remarkable  is  Algol,  in  the  head  of  Medusa.  It 
is  2^  20^  W,  in  which  its  changes  are  very  irreg 
though  perfectly  alike  in  every  period.  Its  ordii 
pearance  is  that  of  a  star  of  the  second  magniti 
suffers,  for  about  8^  hours,  a  reduction  to  the  ap| 
of  a  star  of  the  fourth  or  fifth  magnitude. 

Mr  Groodricke  observed  similar  variations  in 
)  Cephei.  .  During  5^  8^  37'  it  is  a  star  of  the  fiftl 
tude.     For  1'  18^  it  is  of  the  second  or  third, 
nishes  during  1^  18^ ;  remains  36  hours  in  its  faint 
and  regains  its  brilliancy  in  13  hours  more.    (Phil 
1786.) 

Mr  Pigot  observed  the  star  **  Antinoi  to  nuui 
utmost  brilliancy  during  44  hours,  and  then  grad 
fade  during  62  hours,  and,  afler  remaining  80  1 
the  fifth  magnitude,  it  r^ains  its  greatest  briilian 
hours.     (PhU.  Tram.  1786.) 

Whatever  may  be  the  cause  of  these  altematioi 
are  surely  very  analogous  to  what  we  observe  in  c 
tem,  the  individuals  of  which,  by  varying  thdr  p 
and  turning  their  different  sides  toward  us,  exhil 
nations  of  a  rimilar  kind  ;  as,  for  example,  the  Bf 
and  disparition  of  Satum^s  ring.  These  circunc 
therefore,  encourage  us  to  suppose  a  similarity  c£  < 
tion  in  our  system  to  the  rest  of  the  heavenly  hi 
render  it  more  probable  that  all  are  connected  by  • 
neral  bond,  and  are  regulated  by  similar  laws.     N< 
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r  GonsUtuting  this  connexion  as  gravitation,  and 
ib  canitKnolion  widi  projectile  I'urce  and  periodic  motion 
Kodi  to  secure  the  perinaiiency  of  the  whole. 

ikit  1  iDUst  at  the  same  time  observe,  that  such  appeur- 
Hos  ia  the  heavens  maiui  it  evideoL,  that,  nolwithaland- 
ag  the  wise  pruvision  made  tor  maintaining  that  order 
net  utility  whidi  we  behold  in  our  system,  the  day  may 
ODme  "  wlien  the  heavens  shall  pass  away  like  a  scroti  timt 
"  it  folded  up,  when  the  stars  in  heaven  shall  fail,  and  the 
"  Sun  ahall  cease  to  give  his  light.^  The  sustuiung  hand 
uf  God  u  sUll  necessary,  and  tlie  present  order  and  bar- 
may  whicb  be  has  enabled  us  to  undemtand  and  to  ad- 
WM,  is  wbolly  dependent  on  bis  will,  and  its  duration  is 
■a  of  the  unsearchable  measures  of  bis  providence.  What 
bbeoome  uf  that  dazzling  star,  surpassing  Venus  in  bright- 
IMS,  which  shone  out  oil  at  once  in  November  157'-^,  and 
(ioemiiaed  Tychu  Bralie  to  become  an  astronomer?  He  did 
aotMH!  it  at  half  au  hour  past  five,  as  he  was  crossing  souie 
Etida  in  going  to  his  laboratory.  Dut,  ret umiiig  about 
Ik,  be  come  to  a  crowd  of  country  folks  who  were  stating 
;  behind  him.  Looking  round,  he  saw  this 
I  object.  It  was  so  bright  that  bis  staiT  had  a 
ibdmr.  It  was  of  a  daz/ling  while,  witli  a  Uttle  of  a  blu- 
iAtinge.  In  tliis  state  it  continued  about  three  wedis, 
nd  then  became  yellowish  and  less  brilliaut.  Its  briU 
Gncjr  diminished  fast  aller  this,  and  it  became  more  rud- 
if,  like  glowing  embers.  Gradually  fading,  it  was  wholly 
innMble  after  fifteen  months. 

k  sinuJar  phenomenon  is  said  Ui  have  caused  Hippar- 
duB  lu  devote  himself  to  astronomy,  and  to  his  vast  pro- 
ject of  a  catalogue  of  the  stars,  that  posterity  might  know 
■hHhcr  any  clianges  happened  in  the  heavens.  And,  in 
lfi04,  another  such  phenomenon,  tiiough  much  less  re- 
Birkahle,  engaged  lor  some  time  the  attention  of  aslrono- 
tea.  Nor  arc  these  all  the  examples  of  the  perishable 
V  of  the  heavenly  bodies.     Several  stars  in  the  aitii^ 
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logues  of  Hipporchus,  of  Ulugh  Bdigfa,  of  TjAo  Bnbi 
and  even  of  Flamstead,  are  no  more  to  be  seen.  Thcj  m 
gone,  and  have  left  no  trace. 

Should  we  now  turn  our  eyes  to  objects  that  are  ncner 
us,  we  shall  tee  the  same  marks  of  change.  ^  When  thi 
Moon  is  viewed  through  a  good  telescope,   mBgeitjwf 
about  150  times,  we  see  her  whole  surface  occupied  hf 
volcanic  craters ;  some  of  them  of  prodigious  magmtadb 
Some  of  them  give  the  most  unquestionable  marks  of  sm^ 
ral  successive  eruptions,  each  destroying  in  part  the  Mhr 
of  a  former  eruption.     The  precipitous  and  crsggj  i^ 
pearance  of  the  brims  of  those  craters  is  predsely  such  tt 
would  be  produced  by  the  ejection  of  rocky  matter.    Ii 
short,  it  is  impossible,  after  such  a  view  of  the  Moon,  ti 
doubt  of  her  being  greatly  changed  from  her  prinutifc 
state. 

Even  the  Sun  himself,  the  source  of  light,  and  beat,  iri 
life,  to  the  whole  system,  is  not  free  from  such  changei. 

If  we  now  look  round  us,  and  examine  with  judidoM 
attention  our  own  habitation,  we  see  the  most  incontrovtfb 
tible  marks  of  great  and  general  changes  over  the  wbok 
face  of  the  Earth.  Besides  the  slow  degradation  by  the 
action  of  the  winds  and  rains,  by  which  the  soil  is  gradi- 
ally  washed  away  from  the  high  lands,  and  carried  by  the 
rivers  into  the  bed  of  the  ocean,  leaving  the  Alpine  Sim- 
raits  stripped  to  the  very  bone,  we  cannot  see  the  face  of  aaj 
rock  or  crag,  or  any  deep  gully,  which  does  not  point  M 
much  more  remarkable  changes.  These  are  not  confioei 
to  such  as  are  plainly  owing  to  the  horrid  opmitioni  of 
volcanoes,  but  are  universal.  Except  a  few  mountain^ 
where  we  cannot  confidently  say  that  they  are  factitkxu, 
and  which  for  no  better  reason  we  call  primitive,  there  is 
nothing  to  be  seen  but  ruins  and  convulsions.  What  b 
now  an  elevateti  mountain  has  most  evidently  been  at  the 
boCtom  of  the  sea,  and,  previous  to  its  being  there,  his 
l^etn  habitable  surface. 

I 
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ic,  tliat  all  our  knowledge  on  this  subject  is 
fflstlj  tupcffictal.  The  higlictt  iiinimUuna,  nod  dn-pest 
ticna^ooi,  do  not  bear  so  great  n  proportiun  to  the  globe 
H  the  tbickneas  of  paper  that  aivera  a  terrestrial  globe 
heui  to  the  hulk  of  tliat  philosopliical  toj.  Wc  have  no 
Ktbority  trom  any  thing  tliat  wc  have  seen,  for  forming 
uyjudgnipnt  coiiL*eniing  the  internal  constitution  of  the 
Einfa.  But  we  see  enough  tu  coiivinuc  us,  that  it  bears 
Doaatlu  of  eternal  dunuion,  or  of  existing  as  it  is,  by  it^ 
own  nsrgy.  No !  all  ia  perishable— ull  requires  the  sua- 
tuuDg  band  of  God,  and  is  subject  to  the  unsearchable 
imgpt  of  its  Author  and  Preserver. 

There  is  yet  anotJier  class  of  objects  in  the  heavens,  of 
•hioh  I  have  taken  no  notice.  They  are  called  VKSvtJt, 
WKuvLocs  STABS.  They  havc  not  the  Bparkling  bril- 
lincy  tJiai  diatingulshes  the  stars,  and  they  are  of  a  sensi. 
blttfiBinetcr,  and  a  determinate  shape.  Many  of  ihem, 
vtm  TiewtiJ  through  telescope!,  arc  clusters  of  stars, 
4eh  ihe  naked  eye  cannot  distinguish.  The  most  ro- 
of these  is  in  the  consielktiun  Cancer,  aiid  is 
by  tlie  name  Pra^acpc.  Ptolemy  mentions  it,  and 
rin  the  right  eye  of  Sagittarius.  Another  may  be 
liic  head  of  Orion.  Many  finaJl  clusters  hove  been 
by  the  help  i>f  glussea.  The  whole  galaxy  is 
aMbbgnliie. 

Bnt  there  is  another  kind,  in  which  the  finest  telescopes 
toe  di*rovLTed  no  cUistenng  stars.  Most  of  them  have 
*  riar  io  or  near  the  middle,  surrounded  witli  a  pale  h^t, 
•hid!  ij  bri^hlCMt  in  the  middle,  and  grows  more  faint  to- 
Mrd  the  circtimferi'iK'e.  This  circumference  ia  distinct, 
<>  veU  deliued,  and  ia  not  iilways  rotiiid.  One  or  two  ne- 
liuU;  have  the  form  of  a  luminous  disk,  with  a  hole  in  tlie 
tiASUi  like  a  millstoni:^  They  are  of  various  colours, 
'Iwe^  ytilow,  rosc-colonred,  &c  l)r  HefNclwl,  in  sereroj 
•(ih*  late  Volumes  of  tJie  Philosophical  Transot^tioiw, 
■>|^i«i  us  tlic  placeti  of  a  va-il  nunibcr  of  nebula>,  with 
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curious  descriptions  of  their  peculiar  appearances,  and  a 
series  of  most  ingenious  and  interesting  reflections  on  their 
nature  and  constitution.  His  ThoughU  on  the  Structure  of 
the  Heavens  are  full  of  most  curious  speculation,   and 
should  be  read  by  every  philosopher. 

When  we  reflect,  that  these  singular  objects  are  not, 
like  the  fixed  stars,  brilliant  points,  which  become  smaller 
when  seen  through  finer  telescopes,  but  have  a  sensible  and 
measurable  diameter,  sometimes  exceeding  9! ;  and  when 
we  also  recollect,  that  a  ball  of  200,000,000  miles  in  dia- 
meter, which  would  fill  the  whole  orbit  of  the  Earth  round 
the  Sun,  would  not  subtend  an  angle  of  two  seconds  when 
taken  to  the  nearest  fixed  star,  what  must  we  think  of 
these  nebulae  ?  One  of  them  is  certainly  some  thousands 
of  times  bigger  than  the  Earth^s  orbit.  Although  our 
finest  telescopes  cannot  separate  it  into  stars,  it  is  still  pio- 
bable  that  it  is  a  cluster.  It  is  not  unreasonable  to  think, 
with  Dr  Herschel,  that  this  object,  which  requires  a  tele- 
scope to  find  it  out,  will  appear,  to  a  spectator  in  its  cen- 
tre, much  the  same  as  the  visible  heavens  do  to  us ;  and 
that  this  starry  heaven,  which  to  us  appears  so  magnificent, 
is  but  a  nebulous  star  to  a  spectator  placed  in  that  nebula. 

The  human  mind  is  almost  overpowered  by  such  a 
thought.  When  the  soul  is  filled  with  such  conoeptioDt 
of  the  extent  of  created  nature,  we  can  scarcely  avoid  ex- 
claiming, <<  Lord,  what  then  is  man  that  thou  art  mindful 
^^  of  himr'  Under  such  impressions,  David  shrunk  into 
nothing,  and  feared  that  he  should  be  forgotten  amongst 
so  many  great  objects  of  the  divine  attention.  His  com- 
fort and  ground  of  relief  from  this  dejecting  thought  are 
remarkable :    <<  But,^  says  he,  ^^  thou  hast  made  man  but 

a  little  lower  than  the  angels,  and  hast  crowned  him 

with  glory  and  honour.^^  David  corrected  himself  hy 
calling  to  mind  how  high  he  stood  in  the  scale  of  God^ 
works.    He  recognised  his  own  divine  original,  and  his  al- 
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SaMe  to  the  Author  of  all.    Ndw,  cheered  and  delighted, 
he  cries  out,  *^  Lord',  how  glorious  is  thy  name  T 


Thsub  iemains  yet  another  phenomenon,  which  is  very 
eridendy  connected  with  the  mechanism  of  the  solar  sys* 
tOB,  and  is  in  itscjf  both  curious  and  important.  I  mean 
the  tides  of  our  ocean.  Although  it  appears  improper  to 
oU  fliis  an  astronomical  phenomenon,  yet,  as  it  is  most 
endendj  connected  with  the  position  of  the  Sun  and 
Moon,  we  must  attribute  this  connexion,  in  fact,  to  a  na- 
tond  coDBedon  in  the  way  of  cause  and  effect 


Of  the  Tides. 

m.  It  is  a  very  remarkable  operation  of  nature  that 
veobaerve  on  the  shores  of  the  ocean,  when,  in  the  calm- 
eit  weather,  and  most  serene  sky,  the  vast  body  of  waters 
that  bathe  our  coasts  advances  on  our  shores,  inundating 
dl  the  flat  sands,  rising  to  a  considerable  height,  and  then 
M  gradually  retiring  again  to  the  bed  of  the  ocean ;  and 
iD  this  without  the  appearance  of  any  cause  to  impel  the 
viters  to  our  diores,  and  agmn  to  draw  them  off.  Twice 
evciy  day  is  this  repeated.  In  many  places,  this  motion 
ef  dhe  waters  is  tremendous,  the  sea  advancing,  even  in 
the  ealmest  weather,  with  a  high  surge,  rolling  aloi^ 
the  flats  with  resistless  violence,  and  rising  to  the  height 
of  Many  fathoms.  In  the  bay  of  Fundy,  it  comes  on  with 
itaodigious  ndse,  in  one  vast  wave,  that  is  seen  thirty 
rics  off;  and  the  waters  rise  100  and  120  feet  in  the 
kifaoar  of  Annapolis-Royal.  At  the  mouth  of  the  Se* 
^fora,  the  flood  also  comes  up  in  one  head,  about  ten  feet 
Ugh,  bringing  certain  destruction  to  any  small  crafl  that 
htt  been  unfortunately  left  by  the  ebbing  waters  on  the 
lits;  and  aa  it  passes  the  mouth  of  the  Avon,  it  sends  up 
Vol.  III.  U 
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that  small  river  a  vast  body  of  water,  linng  forty  or  lift^ 
feet  at  Bristol. 

Such  an  appearance  forcibly  calls  the  attention  of  thint 
ing  men,  and  excites  the  greatest  curiosity  to  discom  tk 
cause.  Accordingly,  it  has  been  Uie  object  of  leseudi  to 
all  who  would  be  thought  philosophers.  We  find  mj 
little,  however,  on  the  subject,  in  the  writings  of  the  Gfttfai 
The  Greeks,  indeed,  had  no  opportunity  of  knowing  noeh 
about  the  ebbing  and  flowing  of  the  sea,  «s  this  phmn^ 
non  is  scarcely  perceptible  on  the  shores  of  the  IfediiBi 
ranean  and  its  adjoining  seas.  The  Persian  expediticnrf 
Alexander  gave  them  the  only  opportunity  they  eier  k^ 
and  his  army  was  astonished  at  finding  the  ships  left  on  tk 
dry  fiats  when  the  sea  retired.  Yet  Alexander*!  pra^ 
tor,  Aristotle,  the  prince  of  Greek  philosophers,  shemlildi 
curiosity  about  the  tides,  and  is  contented  with  bardy 
tinning  them,  and  saying,  that  the  tides  are  most 
He  in  great  seas. 

373.  When  we  search  after  the  cause  of  any  recnn^i^-j 
event,  we  naturally  look  about  for  recurring  ooDOonitat 
circumstances ;  and  when  we  find  any  that  generally  aooon- 
pany  it,  we  cannot  help  inferring  some  oonnexioD.  AH.  j 
nations  seem  to  have  remarked,  that  the  flood-tide  al 
comes  on  our  coasts  as  the  Moon  moves  across  the 
and  comes  to  its  greatest  height  when  the  Moon  is  in 
particular  position,  generally  in  the  south-wesL   Thej 
also  remarked,  that  the  tides  are  most  remarkable 
the  time  of  new  Moon,  and  become  more  moderate  b^ 
grees  every  day,  as  the  Moon  draws  near  the  q 
after  which  they  gradually  increase  till  about  the  time 
full  Moon,  when  they  are  nearly  of  their  greatest 
They  now  lessen  everv'  day  as  they  did  before,  and 
lowest  about  the  last  quadrature,  alter  which  they  i 
duly,  and,  at  the  next  new  Moon,  are  a  third  time  at 
higliest. 

These  circumstances  of  concoinitancv  have  been  wA 
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by  all  nations,  even  the  most  uncultivated  ;  and  all  seem 
to  have  concurred  in  ascribing  the  ebbing  and  flowing  of 
the  sea  to  the  Moon,  as  the  efficient  cause,  or,  at  least,  as 
the  occasion,  of  this  phenomenon,  although  without  any 
eomprehendon,  and  often  without  any  thought,  in  what 
nanner,  or  by  what  powers  of  nature,  this  or  that  position 
of  the  Moon  should  be  accompanied  by  the  tide  of  flood  or 
of  ebb. 

Although  this  accompaniment  has  been  every  where  re- 
mirked,  it  is  liable  to  so  many  and  so  great  irregularities, 
by  winds,  by  freshes,  by  tlie  change  of  seasons,  and  other 
cuises,  that  hardly  any  two  succeeding  tides  are  observed 
to  OMTespond  with  a  precise  position  of  the  Moon.     The 
ooly  way,  therefore,  to  acquire  a  knowledge  of  the  con- 
nexion that  may  be  useful,  either  to  the  philosopher  or  to 
the  citizen,  is  to  multiply  observations  to  such  a  number, 
thtt  every  source  of  irregularity  may  have  its  period  of 
openition,  and  be  discovered  by  the  return  of  the  period. 
The  inhabitants   of  the  sea-coasts,  and  particularly  the 
fidiennen,  were  most  anxiously  interested  in  this  research. 
374.  Accordingly,  it  was  not  long  afler  the  conquests  of 
the  Bomans  had  given  them  possession  of  the  coasts  of  the 
ooeu,  before  they  learned  the  chief  circumstances  or  laws 
aeoonliDg  to  which  the  phenomena  of  the  tides  proceed. 
Pliny  says,  that  they  had  tlieir  source  in  the  Sun  and  the 
Mood.     It  had  been  inferred,  from  the  gradual  change  of 
tides  between  new  Moon  and  the  quadrature,  that  the  Sun 
VM  not  unconcerned  in  the  operation.     Py theas,  a  Greek 
■ercbant,  and  no  mean  philosopher,  resident  at  Marseilles, 
the  oldest  Grecian  colony,  had  often  been  in  Britain,  at 
the  tin-mines  in  Cornwall  and  its  adjacent  islands.     He 
hid  observed  the  phenomena  with  great  sagacity,  and  had 
collected  the  observations  of  the  natives.     Plutarch  and 
Pliny  mention  these  observations   of  Pytheas,   some  of 
toi  very  delicate,  and,  the  wliole  taken  togetluT,  contain- 
ing almost  oil  that  was  known  of  the  subject,   till  the  dis- 
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covcries  of  Sir  Isaac  Newton  taught  the  philosophers  what 
to  look  for  in  their  inquiries  into  the  nature  of  the  tidefl, 
and  how  to  doss  the  phenomena.  Pytheas  had  not  only 
observed,  that  the  tides  gradually  abated  from  the  times  of 
new  and  full  moon  to  the  times  of  the  quadratures,  and 
then  increased  again ;  but,  had  also  remarked,  that  this 
vulgar  observation  was  not  exact,  but  that  tlie  greatest  tide 
was  always  two  days  after  new  or  full  Moon,  and  the 
smallest  was  as  long  after  the  quadratures.  He  also  cor- 
rected the  common  observation  of  the  tides  falling  later 
every  day,  by  observing,  that  this  retardation  of  the  tides 
was  much  greater  when  the  moon  was  in  quadrature  than 
when  new  or  full.  The  tide-day,  about  the  time  of  new 
and  full  Moon,  is  really  shorter  by  50'  than  at  the  time  of 
her  quadrature. 

375.  This  variation,  in  the  interval  of  the  tides,  is  call- 
ed the  PRIMING  or  the  laggikg  of  the  tides,  accordn^ 
as  we  refer  them  to  lunar  or  solar  time.  Pytheas  probaUj 
learned  much  of  this  nicety  of  observation  from  the  Cornish 
fishermen.  By  iEIian^s  accounts,  they  had  nets  extended 
along  shore  for  several  miles,  and  were  therefore  much  in- 
terested in  this  matter. 

376.  Many  ol>servations  on  the  series  of  phenomena, 
which  (rompletcs  a  period  of  the  tides,  are  to  be  found  in 
the  b(M)ks  of  hydrography,  and  the  instructions  for  ma- 
riners, to  whom  the  exact  knowledge  of  the  course  of' the 
tides  is  of  the  utmost  importance.  But  we  never  had  any 
good  collection  of  observations,  from  which  the  laws  of  their 
progress  could  be  learned,  till  the  Academy  of  Paris  pro- 
cured an  order  from  government  to  the  officers  at  the  porta 
of  Brest  and  Kochcfort,  to  keep  a  register  of  all  the  phe^ 
nomena,  and  report  it  to  the  Academy.  A  register  of  ob- 
servations was  accordingly  continued  for  six  years,  with- 
out interruption,  at  both  ports,  and  the  observations 
published,  forming  the  most  complete  series  that  is  to 
met  with  in  any  department  of  science,  astronomy  alon 
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excepted.  The  younger  Cassini  undertook  tlie  examuuu 
tion  of  these  registers,  in  order  to  deduce  from  them  the 
general  laws  of  the  tides.  This  task  he  executed  witli 
eonsiderBhle  success ;  and  the  general  rules  which  he  has 
given  contain  a  much  better  arrangement  of  all  the  pheno- 
mena, their  periods  and  changes,  than  any  thing  that  had 
jet  appeared.  Indeed  there  had  scarcely  any  thing  been 
added  to  tlie  vague  experience  of  illiterate  pilots  and  fisher- 
meQ,  except  two  dissertations  by  Wallis  and  Flamstcad, 
puUished  in  the  Philosophical  Transactions. 

377.  It  is  not  likely,  notwithstanding  this  excellent  col- 
lecdcn  of  observations,  that  our  knowledge  would  have 
proceeded  much  farther,  had  not  Newton  demonstrated 
that  a  series  of  phenomena  perfectly  resembling  the  tides 
TCsulted  from  the  mutual  attraction  of  all  matter.     These 
consequences  pointed  out  to  those  interested  in  the  know- 
ledge of  the  tides  what  vicissitudes  or  changes  to  look  for 
^•what  to  look  for  as  the  natural  or  regular  series — what 
they  are  to  consider  as  mere  anomalies — what  periods  to 
expect  in  the  different  variations — and  whether  there  are 
not  periods  which  comprehend  the  more  obvious  periods  of 
the  tides,  distinguishing  one  period  from  another.    As  soon 
tt  this  clue  was  obtained,  every  thing  was  laid  open,  and 
without  it,  the  labyrinth  was  almost  inextricable ;  for  in 
the  variations  of  the  tides  there  are  periods  in  which  the 
diiDges  are  very  considerable ;  and  these  periods  continu- 
iDy  cross  each  other,  so  that  a  tide  which  should  be  great, 
eoDiidered  as  a  certain  tide  of  one  period,  should  be  small, 
considered  as  a  certain  tide  of  another  period.     When  it 
anives,  it  is  neither  a  great  nor  a  small  tide,  but  it  pre- 
vents both  periods  from  offering  themselves  to  the  mere 
ohierver.     The  tides  afford  a  very  strong  example  of  the 
gicat  importance  of  a  dieory  for  directing  even  our  obser- 
udoDs.     Aided  by  the  Newtonian  theory,  we  have  dis- 
covered nuuiy  periods,  in  wliich  die  tides  suffer  gradual 
dttngcs,  both  in  their  huiu:  and  in  their  height,  which  com- 
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monly  arc  so  implicated  with  one  another,  that  they  never 
would  have  been  discovered  without  this  monitor,  whereas 
now,  we  can  predict  them  all. 

378.  The  phenomena  of  the  tides  are,  in  general,  the* 
following : 

1.  The  waters  of  the  ocean  rise,  from  a  medium  hdght 
to  that  of  high  water,  and  again  ebb  away  from  the  shores, 
falling  nearly  as  much  below  that  medium  state,  and  tben 
rise  again  in  a  succeeding  tide  of  flood,  and  again  make 
high  water.  The  interval  between  two  succeeding  high 
waters  is  about  IS^  :^5',  the  half  of  the  time  of  the  Moon^s 
dfdly  circuit  round  the  Earth,  so  that  we  have  two  tides  of 
flood  and  two  ebb  tides  in  every  24*"  50'.  This  is  the 
shortest  period  of  phenomena  observed  in  the  tides.  The 
gradual  subsidence  of  the  waters  is  such  that  the  diminu^ 
tions  of  the  height  arc  nearly  as  the  squares  of  the  times 
from  high  water.  The  same  may  be  said  of  the  subsequent 
rise  of  the  waters  in  the  next  flood.  The  time  of  low  wa- 
ter is  nearly  half  way  between  the  two  hours  of  high  water; 
not  indeed  exactly,  it  being  observed  at  Brest  and  Hoche- 
fort  that  the  flood  tide  commonly  takes  ten  minutes  less 
than  the  ebb  tide. 

379.  As  the  dificrcnt  phenomena  of  the  tides  are  chiefly 
distinguishable  by  the  periods,  or  intervals  of  time  in  which 
they  recur,  it  will  be  convenient  to  mark  those  periods  by 
different  names.  Therefore,  let  the  time  of  the  apparent 
diurnal  revolution  of  the  Moon,  viz.  24*^  StX,  be  called  a 
LUNAR  DAY,  and  the  S4th  part  of  it  be  called  a  lunar 
HOUR.  To  this  interval  almost  all  the  vicissitudes  of  the 
tides  are  most  convenientlv  referred.  Let  the  name  tide 
DAY  be  given  to  the  interval  between  two  high  waters,  or 
two  low  waters,  succeeding  each  other  with  the  Moon  near- 
ly in  the  same  position.  This  interval  comprehends  two 
complete  tides,  one  of  the  full  seas  happening  when  the 
Moon  is  above  the  horizon,  and  the  next  wlicn  she  is 
under  the  horizon.     We  shall  also  find  it  convenient  to 
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difttBguidi  these  tides,  by  calling  the  first  the  superior 
TioBi  and  the  other  the  inferior  tipe.  At  new  Moon 
they  may  be  called  the  Moniing  and  Eveniiig  tides. 

380.  2.  It  is  not  only  observed  that  we  always  have  high 
wtter  when  the  Moon  is  on  some  particular  point  of  the 
compass  (S.  W.  nearly)  but  also  that  the  height  of  full  sea 
from  day  to  day  has  an  evident  reference  to  the  phases  of 
the  Moon.  At  Brest,  the  highest  tide  is  always  about  a 
day  and  a  half  after  full  or  change.  If  it  should  happen 
that  high  water  falls  at  the  very  time  of  new  or  full  Moon, 
the  diinl  full  sea  after  that  one  is  the  highest  of  all.  This 
B  caikd  the  spring-tide.  Each  succeeding  full  sea  is  less 
than  the  preceding,  till  we  come  to  the  third  full  sea  after 
the  Moon's  quadrature.  1  his  is  the  lowest  tide  of  all,  and 
His  called  neap-tide.  After  this,  the  tides agmn  increase, 
till  the  next  full  or  new  Moon,  the  third  after  which  is 
igain  the  greatest  tide. 

381.  The  higher  the  tide  of  flood  rises,  the  lower  does 
the  dbb  tide  generally  sink  on  that  day.  The  total  mag- 
nitude of  the  tide  is  estimated  by  taking  the  difference  be- 
tween high  and  low  water.  As  this  is  continually  varying, 
the  best  way  of  computing  its  magnitude  seems  to  be,  to 
tike  the  half  sum  of  two  succeeding  tides.  This  must  al- 
ways give  us  a  mean  value  for  the  tide  whose  full  sea  was 
in  the  middle.  The  medium  spring-tide  at  Brest  is  about 
nineteen  feet,  and  tlic  neap-tide  is  about  nine. 

Here  then  we  have  a  period  of  phenomena,  the  time  of 
which  is  half  of  a  lunar  month.  This  period  comprehends 
the  most  important  changes,  both  in  respect  of  magnitude, 
ind  of  the  hours  of  high  and  low  water,  and  several  modi- 
fiettions  of  both  of  those  circumstances,  such  as  the  daily 
diSerence  in  height,  or  in  time. 

382.  3.  There  is  another  period,  of  nearly  twice  the  same 
dutaUon,  which  greatly  modifies  all  those  leading  circum- 
sUnoes.  This  period  has  a  reference  to  the  distance  of  the 
Moon,  and  tlicrefore  dc}X'ndb  on  the  Moon's  revolution  in 
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her  orbit  All  the  phenomena  are  increaied  when  the 
Hoon  is  nearer  to  the  Earth.  Therefore  the  higben^ 
spring-tide  is  observed  when*the  Moon  is  in  pmgeo^  apd 
the  next  spring-tide  is  the  smallest,  because  th^  Moan  is 
then  ne^ly  in  apogto.  This  will  make  a  ^fferenoe  ^  8} 
feet  firom  the  medium  height  of  spring-tide  at  Brest,  and 
therefore  occaaon  a  difference  of  5^  between  the  greatest 
and  the  least.  It  is  evident  that  as  the  perigean  and  apo* 
gean  situation  of  the  Moon  may  happen  in  every  part  of  a 
lunation,  the  equation  for  the  height  of  tide  depending  upon 
this  circumstance  may  often  run  counter  to  the  equation 
GOTresponding  to  the  regular  monthly  series  of  tides,  and 
will  seemingly  destroy  their  regularity. 

383.  4.  The  variation  in  the  Sun's  distance  also  aiTects 
the  tides,  but  not  nearly  so  much  as  those  in  tlie  distance 
of  the  Moon.  In  our  winter,  the  spring-tides  are  greater 
than  in  summer,  and  the  neap-tides  ore  smaller. 

384.  5.  The  declination,  both  of  the  Sun  and  Mood, 
affects  the  tides  remarkably  ;  but  the  effects  are  too  intrip 
cate  to  be  distinctly  seen,  till  we  perceive  the  causes  on 
which  they  depend. 

385.  6.  All  the  phenomena  ore  also  modified  by  the  la- 
titude of  the  place  of  observation ;  and  some  phenomena 
occur  in  the  high  latitudes,  which  are  not  seen  at  all  when 
the  place  of  observation  is  on  the  equator.  In  particular, 
when  the  observer  is  in  north  latitude,  and  the  Moon  has 
north  declination,  that  tide  in  which  the  Moon  is  above  the 
horizon  is  greater  than  the  other  tide  of  the  same  day, 
when  the  Moon  is  below  the  horiaon.  It  will  be  the  ooo- 
trary,  if  either  the  observer  or  tlie  Moon  (but  not  both) 
have  south  declination.  If  the  polar  distance  of  the  ob- 
server  be  equal  to  the  Moon's  declination,  he  will  sec  but 
one  tide  in  the  day,  containing  twelve  hours  flood  and 
twelve  hours  ebb. 

386.  7.  To  all  this  it  must  be  added,  that  local  circum- 
stances of  situation  alter  all  the  phenomena  remarkably^ 


iqpwDlly  to  leiive  scarcely  any  (^lunstono^s  of  re« 
Bi^  except  the  order  and  periods  in  which  the  ya* 
enamena  follow  one  another. 
luat  now  endeavour  to  account  for  these  remarkable 
Dta  and  vicissitudes  in  the  waters  of  the  ocean. 
Biiioe  the  phenomena  of  the  planetary  motions  de- 
le that  every  particle  of  matter  in  this  globe  gravis 
the  Sun,  and  since  they  are  at  various  distances 
csntre,  it  is  evident  that  they  gravitate  unequally^ 
,  from  this  inequality,  there  must  arise  a  disturb- 
diat  equilibrium  which  terrestrial  gravitation  alone 
mduee.  If  this  globe  be  supposed  either  perfectly 
I  homogeneous,  or  to  consist  of  a  spherical  nucleus 
with  a  fluid,  it  is  clear  that  the  fluid  must  assume 
tly  spherical  form,  and  that  in  this  form  alone 
rtide  will  be  in  equilibrio.  But  when  we  add  to 
s  DOW  acting  on  the  waters  of  the  ocean,  their  un- 
ivitation  to  the  Sun,  this  equilibrium  is  disturbed, 
loean  cannot  remain  in  this  form.  We  may  ap» 
e  particles  of  the  ocean  every  thing  that  we  for- 
id  of  the  gravitation  of  the  Moon  to  the  Sun  in  the 
points  of  her  orbit ;  and  the  same  construction  in 
that  gave  us  a  representation  and  measure  of  the 
lidi  deranged  the  lunar  motions,  may  be  employed 
g  lis  a  notion  of  the  manner  in  which  the  particles 
in  the  ocean  are  affected.  The  circle  O  B  C  A 
ttient  the  watery  sphere,  and  M  any  particle  of 
r.  The  central  particle  E  gravitates  to  the  Sun 
tee  which  may  be  represented  by  £  S.  The  gra- 
if  the  particle  M  must  be  measured  by  M6.  This 
Gr  may  be  conceived  as  compounded  of  M  F,  equal 
Del  to  E  S,  and  of  M  H.  The  foroe  M  F  occa. 
alteration  in  the  gravitation  of  M  to  the  Earth, 
[  is  the  only  disturbing  force.  We  found  that  this 
lion  may  be  greatly  simplified,  and  that  M  I  may 
ituted  for  M  H  without  any  sensible  error,  because 
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it  never  difiera  from  it  more  than  j|a»  ^ 
BI,  in  Fig.  83,  =  SMN^andcoiiadMdMlm 
turUng  force.     This  oonstnietkm  it  appiieriblB^to! 
sent  question,  with  mudi  greater  aouuicy, 
radius  of  the  Earth  is  but  the  rixtieth  part  r«f . 
Mood's  (nbit    This  reduces  the  error  to  f i frsy  ift 
ty  altogether  insenaUe. 

388.  Therefore  let  O  A  C  B  (Fig.45.)  be  die 
ous  ^obe,  and  C  S  a  line  directed  to  the  Sun,  ani 
the  section  by  that  drote  wluch  separates  the 
frtmk  the  dark  hemisphere.    Let  P  be  any  pattidlfl|| 
tber  on  the  surface  or  within  the  mass.  'Let  Q  P  N 
pendicular  to  the  plane  BA.    Make  £I=z3Pl^ 
join  PI.   P I  is  the  disturbing  force,  when  the  IfaKij 
taken  to  represent  the  gravitation  of  the  partide 
Sun.    This  force  P I  may  be  conceived  to  be 
<rf*  two  forces  P£  and  PQ.    P£  tends  to  the 
the  Earth.    P  Q  tends  from  the  (dane  B  A^  or 
Sun. 

If  this  construction  be  made  for  every  partidb  k 
fluid  sphere,  it  is  evident  that  all  the  forces  P  £ 
one  another.  Therefore  they  need  not  be 
the  present  question.  But  the  forces  P  Q 
nish  the  terrestrial  gravitation  of  every  particle,  AtCil 
force  P  Q  acts  in  direct  opposition  to  the  ienestrial 
of  the  particle.  And,  in  the  dtuation  P,  it  diminAsil 
gravity  of  the  particle  as  estimated  in  the  direction 
There  is  therefore  a  force  acting  in  the  direction  Nf  i 
every  particle  in  the  canal  P  N.  And  this  force  is 
tional  to  the  distance  of  the  particle  from  the  pians  < 
(for  P  Q  is  always  =:  S  P  N).  Therefore  the  wateris 
canal  cannot  remain  in  its  former  position,  its  eqilil 
being  now  destroyed.  This  may  be  restored,  by  adifim  I 
thecplumn  NP  a  small  pc^lion  Pp^  whose  wdghtmsf  i 
pensate  the  dim'mution  in  the  weight  of  the.  ocdniio  Ki 
A  similar  addition  may  be  made  to  every  such  cohnaapi 


THEORY  OF  THE  TIDES.  315 

iWidicuUur  to  the  plane  B  E  A.  This  being  supposed,  the 
liherical  figure  of  the  globe  will  be  changed  into  that  of  an 
dliptkad  spheroid,  having  its  axis  in  the  line  O  C,  and  its 
poles  in  O  and  C. 

Without  making  this  addition  to  every  column  N  P,  we 
wj  understand  how  the  equilibrium  may  be  restored  by 
the  waters  subading  all  around  the  circle  whose  section  is 
1  A,  and  rising  on  both  sides  of  it.  For  it  was  shewn  (3^.) 
Ihst  in  a  fluid  eUiptical  spheroid  of  gravitating  matter,  tlie 
pivitation  of  any  particle  P  to  all  the  other  particles  may 
he  resolved  into  two  forces  P  N  and  P  M  perpendicular  to 
the  plane  B  A  and  to  the  axis  O  C,  and  proportional  to 
PNand  P  M ;  and  that  if  the  forces  be  really  in  this  pro- 
portion, the  whole  will  be  in  equilibrio,  provided  that  the 
thok  forces  at  tlie  poles  and  equator  are  inversely  iis  the 
iimeters  O  C  and  B  A.  Now  this  may  be  the  case  here. 
For  the  forces  superadded  to  the  terrestrial  gravitation  of 
Qj  particle  are,  1^/,  A  force  P  E  proportional  to  P  E . 
When  this  is  resolved  into  the  directions  P  N  and  P  M, 
the&cces  arising  in  this^  resolution  are  as  P  N  and  P  M, 
nd  therefore  in  the  due  proportion :  2c/,  the  force  P  Q, 
which  is  also  as  P  N.  It  is  evident  therefore  that  this  mass 
Bsjr  acquire  such  a  protuberancy  at  O  and  C,  that  die 
boe  at  O  shall  be  to  the  force  at  B  as  U  A  to  O  C,  or  as 
EAto  £  C.  We  are  also  taught  in  sect.  341.  what  this 
pratnberance  must  be.  It  must  be  such  that  four  times 
the  mean  gravity  of  a  particle  on  the  surface,  is  to  live  times 
the  £sturbing  force  at  O  or  C  as  the  diameter  B  A  is  to 
the  excess  of  the  diameter  O  C.  This  ellipticity  is  ex- 
piCBKd  by  the  same  formula  as  in  die  former  case,  viz. 
*  J  *£  _  E  C  —  E  A. 
f  "  6^  "■         EC 

389*  Thus  we  have  discovered  that,  in  consequence  of 
the  unequal  gravitation  of  the  matter  in  the  Earth  to  the 
Son,  the  waters  will  assume  the  form  of  an  oblong  cUipti- 
ad  ipheroid,  having  its  axis  directed  to  the  Sun,  and  its 
wies  in  those  points  of  the  surface  wliich  liavc  the  Sun  in 
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the  zenith  and  nadir.     There  the  waters  are  highest  abova 
the  surfisioe  of  a  sphere  of  equal  capacity.    All  around  the 
circumference  B  E  A^  tlie  waters  are  below  the  notunl 
level.    A  spectator  placed  on  this  circumference  sees  tiif 
Sun  in  the  horizon. 

We  can  tell  exactly  what  this  proturberance  £0  —  EA 
must  be»  because  we  know  the  proportions  of  all  the  Sanm 
I^t  W  represent  the  terrestrial  gravitation,  or  the  wei|^ 
of  the  particle  C|  and  6  the  gravitation  of  the  same  pv» . 
tide  to  the  Sun,  and  let  F  be  the  disturbing  force  actisg  • 
on  a  particle  at  C  or  at  O,  and  therefore  =  3  C  £.    Ld  g 
S  and  £  be  the  quantity  of  matter  in  the  Sun  and  in  the  | 
Earth.  1 

Then(Fig.31.)F:G  =  3C£:CG 


therefore  F  :  W= — ^.tt^ —  .     ^  ^^ 


CS-    CE* 
SCExS    CGxE 
CS*      •     CE^ 


3  S  E 

CS^XCG  '  CW'     ^"^'  lx?cause  C  S':  E  S-  =  E S:  C 6, 

we  have  C  S^  x  C  G  =  E  S*  x  E  S,  =  E  S*.     Therefew 
F  :  W  z=  g^  :  jr^.      Now  E  :  S  =z  1  :  838348,  and  . 

E  C  :  E  S  =  1  :  23668.     This  will  give  ~^  :  g|s= 

1:  18778541,  =  F:W. 

Finally,4W:6F=CE:  CE  — AE.  WeshaUfind    ■ 
this  to  be  nearly  24^  inches.  '{ 

390.  Such  is  the  figure  that  this  globe  would  aawnM^  ^ 
had  it  been  originally  fluid,  or  a  spherical  nucleus  coveisi   , 
with  a  fluid  of  equal  density.     The  two  summits  of  4be 
watery  spheroid  would  be  raised  about  two  feet  above  the 
equator  or  place  of  greatest  depression. 

But  the  Earth  is  an  oblate  spheroid.  If  we  sufqpose  it 
covered,  to  a  moderate  depth,  with  a  fluid,  the  wattfS 
would  acquire  a  certain  6gurc,  which  has  been  conodered 
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liftMiy.  Let  the  disturbing  force  of  the  Sun  act  on  tim 
igure.  A  change  of  figure  must  be  produced,  and  the 
meft  under  the  Sun,  and  tliose  in  the  opposite  parts,  will 
be  derated  above  their  natural  surface,  and  the  ocean  will 
be  depressed  on  the  circumference  BE  A.  It  is  plain, 
dMt  this  change  of  figure  will  be  almost  the  same  in  every 
(liot  at  if  tlie  Earth  were  a  sphere.  For  the  diflerenoe 
kehreen  the  change  produced  by  the  Sun^s  disturbing  force 
ca  die  figure  of  the  fluid  sphere  or  fluid  spheroid,  arises 
wMjftota  the  difierence  in  the  gravitation  of  a  particle  of 
viler  to  the  s[Aere  and  to  the  spheroid.  This  difference, 
iitty  part  of  the  surface,  is  exceedingly  small,  not  being 

jr-=  of  the  whole  gravitation.     The  difierence,  therefore, 

m  the  change  produced  by  the  Sun  cannot  be  -r—  of  the 

whole  change.  Therefore,  since  it  is  from  the  proportion 
of  the  disturbing  force  to  the  force  of  gravity  that  the  el- 
Iq^dcity  is  determined,  it  fallows,  that  the  change  of  figure 
i^  to  ill  sense,  the  same,  whether  the  Earth  be  a  sphere 
ora^ihennd  whose  eccentricity  is  less  than  gJx* 

Let  us  suppose,  for  the  present,  that  the  watery  sphe- 
raid  always  has  that  form  which  produces  an  equilibrium 
B  iH  its  particles.  This  cannot  ever  be  the  case,  because 
me  time  must  elapse  before  an  accelerating  force  can 
[loduce  any  finite  change  in  the  disposition  of  the  waters. 
Bat  the  contemplation  of  this  figure  gives  us  the  most 
SitiDct  notion  of  the  forces  that  arc  in  action,  and  of  their 
Acts ;  and  we  can  afterwards  state  the  difierence  that 
imt  obtain,  because  the  figure  is  not  completely  at- 
billed. 

Supposing  it  really  attained,  it  follows,  that  the  ocean 
viU  be  most  ele>'ated  in  those  places  which  have  the  Sun 
Bdie  zenith  or  nadir,  and  most  depressed  in  those  places 
''here  the  Sun  is  seen  in  the  horizon.     While  the  Earth 
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turns  round  its  axis,  the  pole  of  the  spheroid  keeps  si 
toward  the  Sun,  as  if  the  waters  stood  still,  and  the  id 
nucleus  turned  round  under  it.  The  phenomena  may  pc 
haps  be  easier  conceived  by  supposing  the  Earth  to  i 
main  at  rest,  and  the  Sun  to  revolve  round  it  in  £4  hou 
from  east  to  west.  The  pole  of  the  spheroid  follows  hii 
as  the  card  of  a  mariner''s  compass  follows  the  magne 
and  a  spectator  attached  to  one  part  of  the  nucleus  will  a 
all  the  vicissitudes  of  the  tide.  Suppose  die  Sun  in  tl 
equinox,  and  the  observer  also  on  the  Earth^s  equate 
and  the  Sun  just  rising  to  him.  The  observer  is  then 
the  lowest  part  of  the  watery  spheroid.  As  the  Sun  rif 
above  the  horizon,  the  water  also  rises ;  and  when  t: 
Sun  is  in  the  zenith,  the  pole  of  the  spheroid  has  nc 
reached  the  observer,  and  the  water  is  two  feet  deep 
than  it  was  at  sun-rise.  The  Sun  now  approadung  tl 
western  horizon,  and  the  pole  of  the  ocean  going  aim 
with  him,  the  observer  sees  the  water  subside  again,  m 
at  sun-sej;  it  is  at  the  same  level  as  at  sunrise.  As  the  Si 
continues  his  course,  though  unseen,  the  opposite  po 
of  the  ocean  now  advances  from  the  east,  and  the  observi 
sees  the  water  rise  again  by  the  same  degrees  as  in  tl 
way  of  forming  a  good  guess  of  the  state  of  the  tide  is  i 
morning,  and  attain  the  height  of  two  feet  at  midnigb 
and  again  subside  to  its  lowest  level  at  six  o'^clock  in  til 
following  mornings 

Thus,  in  24  hours,  he  has  two  tides  of  flood  and  tv 
ebb  tides ;  high  water  at  noon  and  midtiight,  and  low  wate 
at  six  o'clock  morning  and  evening.  An  observer,  not  i 
the  equator,  will  see  the  same  gradation  of  phenomenal 
the  >ame  hours;  but  tlie  rise  and  fall  of  the  water  will  nc 
be  so  considerable,  because  the  pole  of  the  spheroid  pasK 
his  meridian  at  some  distance  from  him.  If  the  spectatc 
is  in  the  pole  of  the  Earth,  he  will  see  no  change,  becauf 
he  is  always  in  the  lowest  part  of  the  watery  spheroid. 

From  this  account  ol'  the  simplest  case,  wc  may  infe 
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that  the  depth  of  the  water,  or  its  change  of  depth,  de- 
pends entirely  on  the  shape  of  the  spheroid,  and  the  place 
of  it  occupied  by  the  observer. 

991-  To  judge  of  this  with  accuracy,  we  must  take  no- 
Qoe  of  some  properties  of  the  ellipse  which  forms  the  meri- 
&n  of  the  watery  spheroid?  Let  A  E  a  Q  (Fig.  46.)  re- 
prewnt  this  elliptical  spheroid,  and  let  B  E  /;  Q  be  the  in- 
Boibed  sphere,  and  AG aff  the  circumscribed  sphere. 
Abo  kt  D  F  dy  be  the  sphere  of  equal  capacity  with  the 
iphcnid.  This  will  be  the  natural  figure  of  the  ocean, 
undntaifaed  by  the  gravitation  to  the  Sun. 

In  a  spheroid  like  this,  so  little  different  from  a  sphere, 
Ae  elevation  AD  of  its  summit  above  tlie  equally  capa- 
cioui  qihere  is  very  nearly  double  of  the  depression  F  E 
of  its  equator  below  the  surface  of  that  sphere.  For 
ifihieresand  spheroids,  being  equal  to  §  of  tlie  circuni- 
laibing  cylinders,  are  in  the  ratio  com{X)unded  of  the  ra- 
tio rf  their  equators  and  the  ratio  of  their  axes.  There- 
toKf  since  the  sphere  D  F  df  is  equal  to  the  spheroid 
AEaQ,  we  have  C  F^  X  C  D  =  C  E-  X  C  A,  and 
CP:CF*  =  CD:  CA.  Make  CE  :  C  F  =  CF  :  C:r, 
thenCE:  C«  =  CD:  CA,  and  CE  :  Ea:  =  CD  :  DA, 
and  C£  :  C  D  =E  x  :  DA.  Now  C  E  does  not  differ 
■nfllily  from  C  D  (only  eight  inches  in  near  4000  miles), 
tkrefore  E  x  may  be  accounted  equal  to  D  A  But  E  x 
ii  not  sensibly  different  from  -twice  E  F.  Therefore  the 
pnpofiition  is  manifest. 

392.  In  such  an  elliptical  spheroid,  the  elevation  I  L  of 
tty  point  I  above  the  inscribed  sphere  is  proportional  to 
^  square  of  the  cosine  of  its  distance  from  the  pole  A, 
ttl  the  depression  K  I  of  this  point  below  the  surface  of 
tile  drcumscribed  sphere  is  as  the  square  of  the  sine  of 
Ki  distance  from  the  pole  A.  Draw  through  the  point  I, 
HIM  perpendicular  to  C  A,  and  Ip  N  perpendicular  to 
C  E.    The  triangles  C  I  N  and  /;  I  L  arc  similar. 
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Therefore  ^I :  IL  =  CI :  IN,  =i  rad. :  oot.  ICA 

but  by  the  ellipse  AB  :/iI  =  AC2  IN,  =  rad  :  oot.  ICA 

therefore  AB  :  IL  =  rad.^  :  cos.'  ICA 

and  IL  is  always  in  the  proportion  of  co8.%  ICA,  aad  is 

=  AB  X  oos.%  ICA,  radius  being  =  1. 

In  like  manner,  HI :  IK  =  CI  :  IM  =  rad. :  sin.  ICA 

and  6E  :  HI  =  EC  :  IM  =  rad. :  sin.  ICA 

therefore  GE  :  KI  =  rad*  :  sin.*  ICA 

and  KI  is  =  AB  X  sin.'  ICA. 

393.  We  must  only  know  the  elevadons  and  depressions 
in  respect  of  the  natural  level  of  the  undisturbed  ooean. 
This  elevation  for  any  point  i  is  evidently  t  /  — -  ml  2=  AB  X 
COS.*  f  C  A  -^  i  AB  X  COS.*  t  C  A  -*-  ^,  and  the  depresnoii 
nr  of  a  point  r  is  ir  — -  An  =  AB  x  sin.*  rC  A  -«-<  }  AB, 

=  AB  X  sin.*rGA  —  |. 

It  will  be  convenient  to  employ  a  symbol  for  exprcawty 
the  whole  difference  A  B  or  6  E  between  high  and  km 
water  produced  by  the  action  of  the  Sun.  Let  it  be  ex* 
pressed  by  the  symbol  S.  Also,  let  the  angular  distance 
from  the  summit,  or  from  the  Sun^s  place,  be  x* 
The  elevation  m  i  is  =  S  X  cos.*  jr  —  J  S. 
The  depression  nr  is  =  S  x  sin.*  jr  —  |  S. 

394!.  The  spheroid  intersects  the  equicapaeious  sjAere  ia 
a  point  so  situated,  that  S  X  cos.*  ^  -—  j^  S  =±  0,  that  is, 
where  cos."  *  =  J.  This  is  54®  44'.  fix)m  the  pole  of  the 
spheroid,  and  35^  16'  from  its  equator,  a  situation  that 
has  several  remarkable  physical  properties.  We  have  al^ 
ready  seen,  (328.)  that  on  thb  part  of  the  surface  the  gra- 
vitation is  tlie  same  as  if  it  were  really  a  perfect  sphere. 

.S95.  The  ocean  is  made  to  assume  an  eccentric  fimn, 
not  only  by  the  unequal  gravitation  of  its  waters  to  the 
Sun,  but  also  by  their  much  more  unequal  gravitation  to 
the  Moon ;  and  although  her  quantity  of  matter  is  very 
small  indeed,  when  compared  with  the  Sun,  yet  being  al-* 
most  400  times  nearer,  the  inequality  of  gravitation  is  in- 
creased almost  400X400x400  times,  and  may  thereibre 


Tffn»T  or  TUB  tibks. 


3«1 


(■oduct  ■  KiiBlde  effect.*  We  catnot  help  preBuming 
that  it  does,  because  the  ricissitudet  of  the  tidvs  have  ■ 
■KM  distinct  reference  to  the  portion  of  ihe  Moon.  With. 
gut  going  over  the  same  ground  ogaint  it  is  plfun  that  the 
wUen  ml)  be  accumulated  under  tJie  Mooti,  and  in  the 
•pfXMite  put  oT  the  spheroid,  in  the  sBine  manner  as  they 
ate  aSiecled  by  die  Sun's  action. 

Tbereferv,  let  M  represent  the  elevalion  of  the  pole  (^  the 
^pbereid  above  the  equicapacious  sphere  that  is  produced 
bj  die  unequal  gravitation  to  the  Moon,  and  let  y  be  the 
oftgalar  distance  of  any  part  of  this  spberwd  from  its  pole. 
We  fhall  then  have 

The  elevation  of  any  point  =  M  x  cos.*  y  —  J  M. 
Tke  drpreasioa  =  M  x  nn.'y  —  |  M. 

906.  In  cuusequence  of  the  simuJtaneous  gravitation  to 
both  Uuniiiahes,  the  ocean  must  assume  a  form  differing 
fraai  both  of  these  regular  spheroids.  It  is  a  figure  of 
dilBcult  iuTestigation ;  hut  aJl  that  ne  are  concerned  in 
may  be  determined  with  sufficient  accuracy  by  means  of 
ihe  Iblbwing  considerations : 

We  have  seen,  that  the  change  of  figure  induced  on  the 
qolicniidal  ocean  of  the  revolving  globe  is  nearly  the  same 
M  if  it  were  induced  on  a  perfect  sphere.  Mudi  more 
hourIj  may  we  say,  that  the  change  of  figure,  induced  on 
ihi  ocean  already  disturbed  by  the  Sun,  is  the  same  that 
te  Moon  would  have  occasioned  on  the  undisturbed  re- 
nMng  splicrmd.     We  may  therefore  suppose,  without 


*  The  UiiUnte  of  the  San  bang  about  399  times  tbit  of  the 
Una,  uul  tlie  i]UtUtjt]r  of  mdtter  in  the  Sun  about  33H000  timea 
dan  b  the  K«tli,  if  the  quantily  of  inBtler  in  ibe  Moon  nere  equd 
■a  ihtl  In  iliv  Earth,  her  accumulating  force  would  be  178  timci 
pnur  than  that  of  tlie  Sun.  We  ihall  see  that  it  is  neuly  «i  timei 
irwcT.  From  nhich  wc  *bould  infer,  that  the  quuitii;  of  matter 
In  lh«  tlMB  k  nearly  ,',  of  that  in  the  Earth.  This  eevm»  the  bat 
Kc  htv«  on  tbit  lubjcct. 
Vol.  111.  X 
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any  sensible  error,  that  the  change  produced  in  any  part 
of  the  ocean  by  tlie  joint  action  of  the  two  luminaries  19 
the  sum  or  the  difference  of  the  changes  which  they  would 
have  produced  separately. 

S97.  Therefore,  since  the  poles  of  both  spheroids  are  in 
those  parts  of  the  ocean  which  have  the  Sun  and  the  Moon 
in  the  zenith,  it  follows,  that  if  j;  be  the  zenith  distance  of 
the  Sun  from  any  place,  and  y  the  zenith  distance  of  the 
Moon,  the  elevation  of  the  waters  above  the  natural  sur- 
face of  the  undisturbed  ocean  will  be  S  x  cos.'  j;  —  ^  S  + 
M  X  COS.'  ^  — -  ^  M.  And  the  depression  in  any  place 
will  be  S  X  sin.*  a:  —  |  S  +  M  x  sin.'  y  —  j  M.  This 
may  be  better  expressed  as  follows : 

Elevation    =  S  x  cos.'  x  +  M  x  co8.'y  —  ^  S  +  M. 

Depresfflon  =  S  X  sin.'  a?  +  M  x  on.*  y  —  |  S  +  M. 

898.  Suppose  the  Sun  and  Moon  to  be  in  the  same  part 
of  the  heavens.  The  solar  and  lunar  tides  will  have  the 
same  axes,  poles,  and  equator,  the  gravitations  to  each 
conspiring  to  produce  a  great  elevation  at  the  combined 
pole,  and  a  great  depression  all  round  the  common  equi^ 

tor.  The  elevation  will  be  §  S  +  M,  and  the  depression 
will  be  J  S  +  M.  Therefore  the  elevation  above  the  in- 
scribed sphere  (or  rather  the  spheroid  similar  and  similar- 
ly placed  with  the  natural  revolving  spheroid)  will  be 

sTm. 

899.  Suppose  the  Moon  in  quadrature  in  the  line  EDM 
(Fig.  47.)  It  is  plain,  that  one  luminary  tends  to  pro- 
duce an  elevation  above  the  equicapacious  sphere  AOBC, 
in  the  point  of  the  ocean  A  immediately  under  it,  where 
the  other  tends  to  produce  a  depression,  and  therefore  thor 
forces  counteract  each  other.  Let  the  Sun  be  in  the  line 
ES. 


The  elevation  at     S  =  S  —  ^S  +  M,  =  ?S  —  JM. 
The  depression  at  M  =  S  ~  |  S  +  M,  =  J  S  —  f  M. 
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The  eli^vatioii  at  S  above  the  inscribed  spheroid  =  S  —  M. 
The  clerstion  at  M  above  die  same  ==  M  —  9.' 

Brace  it  is  evident,  that  there  will  he  high  water  at  M 
or  at  S,  when  the  Moon  is  in  quadrature,  according  as  tha  | 
accumulating  force  of  the  Moon  exceeds  or  IhlU  short  of  ] 
Ihot  of  the  Sun.  Now,  it  is  a  matter  of  observation,  that 
when  the  Moon  is  in  quadrature,  it  la  high  water  in  tlie 
open  wa>  under  the  Moon,  and  low  water  under  the  Sun, 
or  Bcmrly  so.  This  observation  confirms  the  conclusion 
drBwn  from  the  nutation  of  [he  Earth's  axis,  that  tlic  di»*  1 
tuiUnf;  force  of  the  Moon  exceeds  that  of  Uie  Sun.  This 
criterion  has  some  uncertainty,  owing  to  the  operatiun  of 
locaJ  circumstances,  by  which  it  happens,  that  the  eummit 
of  the  water  is  never  situated  either  under  the  Sun  or  un- 
der ibc  Moon.  But  even  in  this  case,  we  find  that  the 
Ing^  water  is  referable  to  the  Moon,  and  not  to  the  Sun. 
It  u  always  ^  hours  of  the  day  later  than  the  high  witter 
at  tiiD  or  change.  This  corresponds  with  the  elongation 
of  the  Moon  sis  hours  to  the  eastward.  The  phenomena 
of  the  tides  shew  further,  tliat,  at  this  time,  the  watcrft- 
uoder  the  Sun  are  depressed  below  the  natural  surface  ( 
the  ocean.     Tliis  shews  that  M  is  more  than  twice  as  great  i 

M  S.  \ 

AOO.  When  the  Moon  has  any  other  portion  beeidea' 
tbeae  two,  the  place  of  high  water  must  be  some  intemi&- 
dctc  position.     It  must  certainly  be   in  tlie  great  cii'cle  J 
passing  ilirtmgh  the  simultaneous  places  of  tlie  two  lumu^ 
naiics.     As  the  place  and  Ume  of  high  and  low  water,  a 
thv  magnitude  of  ilie  elevation  and  depression,  are  thel 
nuat  interesting  phenomena  of  the  tides,  they  shall  be  thriCl 
pciodpal  objects  of  our  attention. 

The  place  of  high  water  is  that  where  the  sum  of  thiff  I 
elcralious  produced  by  both  luminaries  above  the  naturallT 
Mtrfactf  of  the  ocean  is  a  maximum.  And  the  place  of  lovd 
watrr*  in  the  greot  circle  pussing  through  the  Sun  andM 
Moon,  b  that  where  the  drprcsbion  below  the  natural  lev«Ul 
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of  the  ocean  is  a  maximum.  TbeiefbiK,  in  order  tm  ham 
the  place  of  high  water,  we  must  find  where  S  x  oos.^  »  + 

M  X cos.»y— JS  +  M  is  a  maximum.  Or, moe  |8+M 
is  a  ooufltant  quantity,  we  must  find  where  S  X  eoa.*  « -f 
M  X  oos.'y  is  a  maximum.  Now,  aoGounting  the  tabufanr 
nnes  and  cosines  as  ftactions  of  radius,  =:  1,  we  hare 

Cos.'«  =  i  +  ieos.  Xx 
and        Cos.'^  =  ^  +  ^  oos.  9^. 

For  let  A  BSD  (Fig.  48.)  be  a  drde,  and  AS,  BD 
two  diameters  crosang  each  other  at  right  angki.  De- 
scribe on  the  semidiametar  C  S  the  small  circle  Cm  8 A, 
having  its  centre  in  d.  Let  H  C  make  any  angle  x  with 
C  S,  and  let  it  intersect  the  small  circle  in  h.  Draw  dh, 
S  hf  producing  S  A  till  it  meet  the  exterior  circle  in  «,  and 
join  ASf  Cs.  Lastly,  draw  h  o  and  s  r  perpoidicular  to 
CS. 

Sh  is  perpendicular  to  CA,  and  CS:  CA  =  Fad.:eoa. 
HCS,andCS:Co=R^co8.*HCS.  TheangleSC# 
is  evidently  =SSCH  =  Sd A  and  Ar  =  SCo.  Now, 
ifCSbe=l;  Cr  =  cos.«2«;  Ar  =  l4.cos.a#.  Inhere- 
foreCo=4+icos.2d7.  Inlike  manner,  co6.^=4+ico0.9jf 

rr.li.                       .         S        Sxcos.2d:        M 
Therefore  we  must  have  3-  +  5 "^  "5"  + 

M  X  006. 8  V  1*1 

Q       '^  a  maximum;   or,  neglecting  the  oonstanl 

S   M 

quantities  — ,  — ,  and  the  constant  divisor  2,  we  must  have 

S  X  cos.  3  X  -I-  M  X  COS.  fttf  a.  maximum. 

Let  AB  SD  (fig.  4&)  be  now  a  great  circle  of  the 
Earth,  passing  through  those  points  S  and  M  of  its  sur&ee 
which  have  the  Sun  and  the  Moon  in  the  xenith.  Draw 
the  diameter  S  C  A,  and  cross  it  at  right  angles  by  B  C  D. 
Let  Sd  be  to  da  as  the  accumulating  fi>rce  of  the  Moon 
to  the  accumulating  ibrce  of  the  Sun,  that  is,  as  M  to  S» 
which  proportion  we  suppose  biown.  Draw  C  M  in  the 
direction  of  the  Moon^s  place.     It  will  cut  the  small  circle 

1 
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t  pmnt  I 


M  a.    Let  H  be  any  point  of  the 


tarface  of  the  ocean.  Draw  C  H,  cutting  the  small  circje 
IB  A.  Drew  tiie  dtnmeter  hdh'.  Draw  mt  and  ax  per- 
pwtuufair  to  A  A',  and  at/  parallel  to  h  h;  and  join  tn  d. 
tho  drav  the  chm^s  m  h  and  m  h'. 

In  tfau  eoostruction,  m  d  and  d  a  represent  M  and  S,  the 
«igte  MCH=y,  and  SCH=jc.  It  is  farlhermani- 
ftsi  that  the  angle  mdfe  =  2mC  A,  =2 3/,  and  that  d( 
«eMx«M.  Sy.  In  like  manner,  hdS  =2HCS,  =2 
*, ■D6ii*  =  dnxcos.2*,  =  Sxcos,2i.  Therefore  (Jt 
•=8x008.8*4.  M  X  cos.2y.  Moreover  is^ay,  and  is 
a  MHjiiinum  when  a^  i«  a  maximum.  This  must  happen 
when  By  coincides  with  am,  that  b,  when  A  (t  is  parallel 
loam. 

Hence  may  be  derived  the  following  construction  ; 

Let  A  M  S  (fig.  49.)  be,  as  before,  a  great  circle,  whose 
plane  passes  through  the  Sun  and  the  Moon.  Let  S  and 
M  be  those  points  which  have  the  Sun  and  the  Moon  in 
die  lenith.  Describe,  as  before,  the  circle  C  wi  S,  cutting 
C  M  in  m.  Make  S  d :  rfo  =  M :  S,  and  join  m  a.  Then, 
for  the  place  of  high  water,  draw  the  diameter  h  d  A'  paral- 
lel to  bo,  cutting  the  circle  C  mS  in  A.  Draw  CA  H, 
oitling  the  surface  of  the  ocean  in  H  and  H'.  Then  tt 
and  H'  are  the  places  of  high  water.  Also  draw  C  A',  cut- 
ling  the  surface  of  the  ocean  in  L  and  L'.  L  and  L'  are 
Ae  place*  of  low  water  in  this  circle. 

For,  drawing  m  I  aud  a  x  perpendicular  to  h  A',  it  is 
{ddn  thai  /  j-=  M  Xcos.  2^  + S  X  cos.  2x.  And  wh»t 
«ft>  jiitt  now  demonstrated  shews  that  Ix  is  in  iu  maxi- 
Biinn  slate-  Also,  ii'  the  angle  L  C  S  =  «,  and  L  C  M  = 
I.  it  is  evident  that  <rt  =  S  X  cos.  a  d  t,  =Sxcos.  AdS, 
=8  X  COS.  3  A'  C  S,  =  S  X  COS.  2LCS,  =  Sxco9.  2«; 
•rf,  in  like  manner,  id  =  M  x  cos,  g*  ;  and  therefore  t « 
^S  )Ccoa.gti4-MXco6.2z.  and  it  is  a  maximum. 

I  plain,  indcjKndent  of  this  construction,  thai  the 
fhigli  and  Itiw  water  are  90"  asunder;  for  the  two 
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liemispheres  of  the  ocean  must  be  omilar  and  equal,  and 
the  equator  must  be  equidistant  from  its  poles. 

401.  Draw  d/" perpendicular  to  ma.  Then,  if  dS  be 
taken  to  represent  the  whole  tide  produced  by  the  MooDf 
that  is,  the  whole  difference  in  the  height  of  high  and  low 
water,  m  a  will  refnesent  the  compound  tide  at  H,  or  the 
ilifference  between  high  and  low  water  corresponding  to 
that  ffltuation  of  the  place  H  with  respect  to  the  Sun 
and  Moon,  mf  will  be  the  part  of  it  produced  by  the 
Moon,  and  a/" the  part  produced  by  the  Sun. 

For  the  elevation  at  H  above  the  natural  level  is  S  x 

cos.**— J  -I-  M  X  coB.*tf  —  },  and  the  depiesaon  below  it 
at  L  is  S  X sin.' u — J  +  M  x  sin.* «  —  |.  ButBn.*i#=: 
COS.*  or,  and  sin.*;e;  =  cos.*^.  Therefore  the  depression  at 
Lis  SXcos.**  —  |  +  Mxcos.*y  —  |.  The  sum  of  these 
makes  the  whole  difference  between  high  and  low  water,  or 
the  whole  tide.     Therefore  the  tide  b  =  S x  2cos.**— 1 

+  M  X  2 cos.*y  —  L  But  2  cos.* x  —  1  =  cos.  2  of,  andS 
cos.*y  —  I  ==  cos.  2y.  Therefore  the  tide  =  S  X  cos.  2  w 
+  M  X  cos.  2y.  Now  it  is  pUdn  that  my=  m  dcos.  dm/^ 
and  that  the  angle  dmf=  mdh^  =:2mC  A,  =:2y.  There- 
fore mdx  cos.  dmf^=-  M  X  cos.  2  y.  In  like  manner  af 
=  S'xcos.2j:. 

The  point  a  must  be  within  or  without  the  circle  C  fit  S, 
according  as  M  is  greater  or  less  than  S,  that  b,  according 
as  the  accumulating  force  of  the  Moon  is  greater  or  less 
than  that  of  the  Sun.  It  appears  also  that,  in  the  first 
case,  H  will  be  nearer  to  M,  and  in  the  second  case,  it  will 
be  nearer  to  S. 

Thus  have  we  given  a  construction  that  seems  to  express 
all  the  phenomena  of  the  tides,  as  they  will  occur  to  a  spec- 
tator placed  in  the  circle  passing  through  those  points  which 
have  the  Sun  and  Moon  in  the  zenith.  It  marks  the  dis- 
tance of  high  water  from  those  two  places,  and  therefore, 
if  the  luminaries  ore  in  the  equator,  it  marks  the  time  that 


r 


THSOftY  OF  THE  TIDES.  327 

inD  elqne  between  the  passage  of  the  Sun  or  Moon  over 
the  meridian,  and  the  moment  of  high  water.  It  also  ex^ 
jvesKS  the  whole  height  of  the  tide  of  that  day.  And,  as 
the  point  H  may  be  taken  without  any  reference  to  high 
water,  we  diall  then  obtain  the  state  of  the  tide  for  that 
hour,  when  it  is  high  water  in  its  proper  place  H.  By 
considering  this  construction  for  the  different  relative  poo^ 
tiona  of  the  Sun  and  Moon,  we  shall  obtain  a  pretty  dis- 
tinct notion  of  the  series  of  phenomena  which  proceed  in 
vegohur  order  during  a  lunar  month. 

402.  To  obtain  the  greater  mmplidty  in  our  first  and 
most  general  conclusions,  we  shall  first  suppose  both  lumi- 
nariea  in  the  equator.  Also,  abstracting  our  attention  from 
the  annual  motion  of  the  Sun,  we  shall  con^der  only  the 
idative  motion  of  the  Moon  in  her  synodical  revolution, 
Mating  the  phenomena  as  they  occur  when  the  Moon  has 
got  a  certain  number  of  degrees  away  from  the  Sun ;  and 
we  shall  always  suppose  that  the  watery  spheroid  has  at- 
tnned  the  form  suited  to  its  equilibrium  in  that  situation 
of  the  two  luminaries.  The  conclusions  will  frequenUy 
SBa  much  from  common  observation.  But  we  shall  af- 
terwards find  their  agreement  very  satisfactory.  The  read- 
er is  therefore  expected  to  go  along  with  the  reasoning  em- 
ployed  in  this  discussion,  although  the  conclusions  may  fre- 
quently surprise  him,  being  very  different  from  his  most 
ftmiliar  observations. 

40S.  1.  At  new  and  full  Moon,  we  shall  have  high 
witer  at  noon,  and  at  midnight,  when  the  Sun  and  Moon 
ne  on  the  meridian.  For  in  this  case  C  M,  a  971,  C  S,  d  A, 
CH,  all  coincide.   . 

404.  S.  When  the  Moon  is  in  quadrature  in  B,  the 
phoe  of  high  water  is  also  in  B,  under  the  Moon,  and  this 
kippens  when  the  Moon  is  on  the  meridian.  For  wheii 
M  C  is  perpendicular  to  C  S,  the  point  m  coincides  with  C, 
««i  with  a  C,  and  d  h  with  d  C. 

M5.    3.  While  the  Moon  passes  from  a  syzigy  to  tlic 
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next  quadratttre,  the  place  of  hij^  water  fclkva  the  Mooa'a 
place,  keepng  to  the  westward  ef  it  It  arertakaa  tlw 
Mooain  thequadratiiie,get8  to  theeaatwaidof  tfaeMoop» 
(aa  it  ia  leprcacBted  at  M'£P|  by  the  aame  coiiatniotmi)^ 
precedii^  her  while  she  passes  forward  to  the  next  sy^Qf t 
in  A,  where  it  b  orertaken  by  the  Moon's  plaoa  For 
ii^ile  M  is  in  the  quadrant  S B,  or  AD,  the  point  A  ia  in 
the  arch  S  m.  But  when  M  is  in  the  quadrant  B  A  or 
D  S,  &*  is  without  or  beyond  the  arch  S  m?  (counted  aos^ 
ward  from  from  S.)  Therefore,  durii^  the  first  and  tinrd 
quarters  of  the  Imiation,  we  have  high  water  after  noon  or 
midnight,  but  before  the  Moon^s  southing.  Butintheseeond 
and  fourth  quarterSi  it  happens  after  the  Moon^s  southing. 

44)6.  4k  Since  the  place  of  high  water  coincides  widi 
the  Moon^s  phce  both  in  syzigy  and  the  following  quadim* 
ture,  and  in  the  interval  is  between  her  and  the  Sun,  it  Ihl* 
lows  that  it  must,  during  the  first  and  third  quarters,  be 
gradually  left  behind,  for  a  while,  and  then  must  gain  on 
the  Moon's  place,  and  overtake  her  in  quadrature.  There 
must  therefore  be  a  certain  greatest  distancebet  ween  the  plaee 
of  the  Moon  and  that  of  high  water,  a  certain  maximum  of 
the  angle  M  C  H.  This  happens  when  H'  C  S  is  exactly 
45^.  For  then  h'dSis  90^,  m  a  is  perpendicular  to  aS, 
and  the  angle  a  m'  d  is  a  maximum.   Now  a m'  d^^wt  dh\ 

407.  When  things  are  in  this  state,  the  modon  of  high 
water,  or  its  separation  from  the  Sun  to  the  eastward,  is 
equal  to  the  Moon's  easterly  motion.  Therefore,  at  new 
and  full  Moon,  it  must  be  slower,  and  at  the  quadratuiea 
it  must  be  swifter.  Consequently,  when  the  Moon  is  in 
the  octant,  4^®  from  the  Sun,  the  interval  between  two  suc- 
cessive southings  of  the  Moon,  which  is  always  24^  Bff 
nearly,  must  be  equal  to  the  interval  of  the  two  concomi- 
tant or  superior  high  waters,  and  each  tide  must  occupy 
12^  ^',  the  half  of  a  lunar  day.  But  at  new  or  ftill 
Moon,  the  interval  between  the  two  successive  high  waters 
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406.  Tbe  tide  day  must  be  equal  to  the  lunar  day  only 
when  the  high  water  b  in  tbc  octants.  It  muat  be  sborter 
«t  flew  am)  full  Moon,  and  while  the  Moon  is  passiitg  from 
the  seoaod  octant  to  the  third,  and  from  the  fourth  to  the 
fint  And  it  muKt  exceed  a  lunar  day  nhile  the  Moon 
paitwi  ftom  the  first  octant  to  the  second,  and  from  the 
thvd  to  the  fourth.  The  tide  day  is  altrays  greater  than  a 
•olar  d^,  or  twenty-four  hours.  For,  while  the  Sun  make* 
ooB  nMmd  of  the  earth,  and  ts  again  on  the  meridiaii,  the 
Mood  im»  piA  about  13"  east  of  him,  or  S  M  is  nearly  ISP 
and  S  H  is  nearly  9°,  so  that  the  Sun  must  pass  the  meik 
diwi  about  S5  or  S6  minutes  before  it  is  high  water.  Such 
it  tke  law  of  the  dmly  retardation  called  the  priming  or 
l^Bftiug  of  the  tides.  At  new  and  full  Moon  it  is  nearly 
Sr,  aad  at  the  quadratures  it  is  %»',  so  that  the  tide  day 
M  wnr  aad  full  Moon  is  SV  35',  and  in  the  quadratures  it 
■  H^ifrneorly. 

QnrcODrtiuctioa  gives  us  the  means  of  ascertaining  tfaii 
dRmNUKG  of  the  tides,  or  interval  between  two  Bucceed- 
ing  All  Mas,  and  it  may  be  thus  expressed : 

409>  The  syuodical  motion  of  the  Mooa  is  to  the  ^ao- 
£cd  motion  di  the  high  water  as  m  a  to  mj".  For,  take  a 
^t  H  very  near  to  m.  Draw  u  a  and  u  d,  and  draw  d  t 
poalM  lo  n  M,  and  with  the  centre  n,  and  distance  an, 
dombe  the  arch  «  v,  which  may  be  considered  as  a  straight 
W  perpendicular  to  m  a.  Then  u  m  and  i  A  are  respect- 
i^  equal  to  the  motions  of  M  and  II  (though  they  sub- 
^  iwkc  the  angles.  The  angles  ativ,  dum,  are  equal, 
Iwag  right  angles.  Therefore  muv=^aud,  =amdt 
■xl  Ihe  triangles  muv,  drnj^  are  similar,  and  the  angles 
'■**ii  *dA  are  equal,  and  tlierefbre 

tit>;  ih-=ma:hd,=:nia:md 
ti  m :  u  u  =  md:  mf 

therefore  h  m :  t  A  s  ma:  mf 

Whtn  m  i:uincid^-»  with  S,  thai  is,  at  new  or  full  Moon, 
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m  a  coincides  with  S  a,  and  m^  with  S  cL  But  when  m 
coincides  with  C,  that  is,  in  the  quadratures^  m  a  coincidps 
with  C  a,  and  971/*  with  C  d 

410.  Hence  it  is  easy  to  see,  that  the  retardaUon  of  the 
tides  at  new  and  full  Moon  is  to  the  retardation  in  the  qua- 
dratures as  C  a  to  S  a,  that  isasM  +  StoM  —  S. 

When  the  high  water  is  in  the  octant,  m  a  is  peipendi- 
cular  to  S  a,  and  therefore  a  andycoincide,  and  the  sjno- 
dical  motion  of  the  Moon  and  of  high  water  are  the  sane, 
as  has  been  already  observed. 

Let  us  now  consider  the  elevadons  of  the  water,  and  the 
magmtude  of  the  tide,  and  its  gradual  variation  in  the 
course  of  a  lunation.    This  is  represented  by  the  line  m  a. 

411.  This  series  of  changes  is  very  perceptible  in  our 
construction.  At  new  and  full  Moon,  m  a  ccnnddes  with 
S  a ;  and  in  the  quadratures,  it  coincides  with  C  a.  There- 
fore, the  spring-tide  is  to  the  neap-tide  as  S  a  to  C  a,  that 
is,  asM  +  StoM  —  S.  From  new  or  full  Moon  the  tide 
gradually  lessens  to  the  time  of  the  quadrature.  We  also 
see  that  the  Sun  contributes  to  the  elevation  by  the  part 
afj  till  the  high  water  is  in  the  octants,  for  the  pointyiies 
between  m  and  a.  Afler  this,  the  action  of  the  Sun  dimi- 
nishes the  elevation,  the  pointy  then  lying  beyond  a. 

41?.  The  momentary  change  in  the  height  of  the  whole 
tide,  that  is,  in  the  difference  between  the  high  and  low 
water,  is  proportional  to  the  sine  of  twice  the  arch  M  H. 
It  is  measured  by  dfin  our  construction.  For,  let  mu  be 
a  given  arch  of  the  Moon^s  synodical  motion,  such  as  a  de- 
gree. Then  m  z;  is  the  difference  between  the  tides  m  a 
and  u  a,  corresponding  to  the  constant  arch  of  the  Moon^s 
momentary  elongation  from  the  Sun.  The  similarity  of 
the  triangles  muv  and  971  df  gives  nsmu:niv  =  md: dfi 
Now  m  u  and  m  d  are  constant.  Therefore  mvis  propor- 
tional to  djy  and  m  d :  d/'=  rad. :  sin.  d wj^  =  sin.  mdhy 
=  sin.2MCH. 

Hence  it  foUowis  tliat  the  diminution  of  tlic  tides  is  most 


TBBOftT  or  THK  TIDES.  331 

ii|ad  vfaen  the  high  water  is  in  the  octants.  This  will  be 
fband  to  be  the  difference  between  the  twelfth  and  thir- 
teenth tides,  counted  from  new  or  full  Moon,  and  between 
the  sefenth  and  aghth  tides  after  the  quadratures.  If  mu 
he  taken  =  \  the  Mooo^s  daily  elongation  from  the  Sun, 
iriiich  is  fl^  SO'  nearly,  the  rule  will  give,  with  sufficient 
aeeuracy,  i  the  difference  between  the  two  superior  or  the 
two  infiecm  tides  immediately  succeeding.  It  does  not 
pve  die  diflerence  between  the  two  immediately  succeed- 
ing  tides,  because  they  are  alternately  greater  and  lesser, 
as  win  appear  afterwards. 

41SL  Having  thus  given  a  representation  to  the  eye  of 
the  various  circumstances  of  these  phenomena  in  this  simple 
esse^  it  would  be  proper  to  shew  how  all  the  difi^ent  quan- 
tities q»ken  of  may  be  computed  aritlimetically.  The 
■m|dest  method  for  this,  though  perhaps  not  the  most  ele- 
gmt,  seems  to  be  the  following : 

In  the  triangle  mduj  the  two  udes  m  d  and  d  a  are  given, 
and  the  contained  angle  mda,  when  the  proportion  of  the 
ibiQes  H  and  S,  and  the  Moon's  elongation  M  C  S  are  given. 
Let  tins  angle  mda  he  called  a.     Then  make  M  +  S  : 

M  —  S  =  tan.,  a :  tan.  J.     Then  y  =  — 5—, and x  =— 5— ■ 

For  M-fS  :  M^-^S^^  md  +  da:  md^'doj  =  tan. 

nad-^amd           mad^-^amd            2x  +  fly 
^ :  tan.  5 =  tan. 3—^  :  tan. 

— — j| — -f  =  tan.  X  +y :  tan.  or  — y  =  tan.  a :  tan.  J.  Now 


S 


'+y  +  •'^— y  =  2  X  and  x+ff  —  x — y  =  2  y.    There- 

-  ,  0+6       ,     ^ 

torea+£=:2'r  and  a  — 6  =  S^,  and  ar=,   g   >andy=: 

^' 

414.  It  is  of  peculiar  importance  to  know  the  greatest 
Kpsnitkm  of  the  high  waUT  from  the  Moon.  This  liai). 
pens  when  the  high  water  is  in  the  octant.    In  this  bitua- 
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tion  it  is  plain  that  m'  d-.dOf  that  is,  M :  S,  z=  nul. :  na. 

'2y  and  y  are  found. 

415.  It  is  manifest  that  the  appficability  of  this  ooBsCmo- 
tionto  the  explanation  of  the  phenomena  dTthe  tides  deptnds 
diiefly  on  the  proportion  of  Sd  to  do,  that  is,  the  pMpor- 
tion  of  the  accumulating  force  of  the  Moon  to  that  «f  the 
Sun.  This  constitutes  the  species  of  the  triangle  mil i^  cm 
whidi  every  quantity  depends.  The  question  now  i%  What 
is  this  proportion  ?  Did  we  know  the  quantity  of  matter 
in  the  Moon,  it  would  be  dedded  in  a  minute  The  only 
obsenration  that  can  ^ve  us  any  information  on  this  sub- 
ject is  the  Qutation  of  the  Earth^s  axis.  This  gives  at  onee 
the  proportion  of  the  disturbing  forces.  But  the  quanti- 
ties observed,  the  deviation  of  the  Earth^s  axis  fiom  its  unE> 
form  conical  motion  round  the  pole  of  die  ediptic,  and 
the  equation  of  the  precession  of  the  equinoctial  points  are 
much  too  small  for  giving  us  any  precise  knowledge  of  this 
ratio. 

Fortunately,  the  tides  themselves,  by  the  modificatioa 
which  their  phenomena  receive  from  the  comparative  mag- 
nitude of  the  forces  in  quesubn,  give  us  means  of  discover- 
ing the  ratio  of  S  to  M.  The  most  obvious  drcumstanoe 
of  this  nature  is  the  magnitude  of  the  spring  and  neap-tidei. 
Accordingly,  this  was  employed  by  Newton  in  his  theoiy  of 
the  tides.  He  collected  a  number  of  observations  made  at 
Bristol  and  at  Plymouth,  and,  slating  the  spring-tide  to 
the  neap-tide  asM  +  StoM  —  S,  he  said  that  the  tome 
of  the  Moon  in  raiung  the  tide  is  to  that  of  the  Sun  nearly 
as  4^  to  1.  But  it  was  soon  perceived  that  this  was  a  veiy 
uncertain  method.  For  there  are  scarcely  any  two  places 
where  the  proportion  between  the  spring-tide  and  the  neap- 
tide  is  the  same,  even  though  the  places  be  very  near  each 
other.  This  extreme  discrepancy,  while  the  pnqportion  was 
observed  to  be  invariable  for  any  individual  place,  shewed 
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that  it  was  not  the  theory  that  was  in  fault,  but  that  the 
local  dmimstances  of  situation  were  such  as  atTectedverydif. 
finDl]jrtJd«3  of  diflcrent  magnitudes,  and  thus  changed  their 
ftvpoftioD.  It  was  not  till  the  noble  collection  of  observa- 
tiom  was  made  at  Brest  and  Rochefort  that  the  philosopher 
CDuU  Msort  and  combine  the  immense  variety  of  heights 
ami  Itiues  of  the  tides,  so  as  to  throw  them  into  classes  to 
be  compared  with  the  aspect  of  the  Sun  and  Moon  accord- 
ing to  the  Newtonian  theory.  M.  Cassini,  and,  aAcr  him, 
M.  Duiiel  Bernoulli,  made  this  comparison  witli  great 
aure  tod  discernment ;  and  on  the  authority  of  thb  com- 
pamon,  M.  BemouUi  has  founded  the  theoiyuid  explana- 
tkm  eantained  in  his  excellent  Dissertation  on  the  Tides, 
winch  shared  with  M*Laurin  and  Euler  the  prize  given 
hy  the  Academy  of  Paris  in  1740. 

M-  Bernoulli  employs  several  circumstances  of  the  tides 
br  unrtaining  the  ratio  of  M  to  S.  He  employs  the  law 
of  ihe  retardation  of  the  tides.  This  has  great  advantages 
•wr  the  ntethod  employed  by  Newton.  Whatever  are  the 
<^Hinictions  or  modilications  of  the  tides,  tliey  will  operate 
tquaUy,  or  nearly  so,  on  two  tides  that  are  equal,  or  nearly 
tquaL  This  is  the  case  with  two  succeeding  tides  of  the 
vwlund. 

The  Moon's  mean  motion  &om  the  Sun,  in  time,  is 
ibml  50J  minutes  in  a  day.  The  smallest  retardation,  in 
IbevionJly  of  new  and  full  Moon,  is  nearly  95',  wanting 
■1^  of  the  Moon^  retardation.  Therefore,  by  art.  llS, 
M:Sz=35:134,=5:2J  nearly. 
The  longest  tide-day  about  tlie  quadratures  is  iSf  Sfr, 
nwdiog  a  eolar  day  85',  and  a  lunar  day  31j.     There- 

M  :  S  S=  86  :  84i.  =  A  :  2A  nearly. 
The  proportion  of  M  to  S  may  also  be  inti;rnKl  by  a  di- 
of  the  tide^day  at  new  Moon  and  in  tlie 
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SSiSSkH— S:M-|-S.    ThenAie 

It  may  alio  be  ifiKovered  by  obsnrbig  the  greotnl «. 

pintknofthe  place  of  fai^  water  from  that  of  the  Mon^ 

'   or  the  elcogalioa  t^  the  Moon  when  the  tide-day  and  lit 

loiur  day  are  eqnaL     In  this  case  j/  is  observed  (o  U 

neaAjlftPXr.    Therefore  ^  =  an.  S5°,  and  M:s=i; 

2}  netrly. 

Thus  it  ai^wan  that  all  these  methods  pve  oetrij  it 
same  leault,  and  that  we  may  adopt  d  to  3  as  the  nlJaaT 
the  two  disturlHi^  fi^oea.  This  agrees  extremely  well  irilk 
the  phflDooKiia  of  natation  and  preceaaon. 

Instead  of  infming  the  proportion  of  M  to  S,  from  At 
quantity  c^  matter  ju  the  Moon,  deduced  from  the  pheu. 
moM  <^  nutation,  afe  is  affected  by  D^Alemhert  ud  U 
Flao^  I  am  more  disposed  to  infer  the  mass  of  the  Moa 
fitom  this  detemunatioD  of  M :  S,  confirmed  by  so  uo; 
ctMnodences  of  diffavnt  phenomena.  Taking  5:S,ISii 
the  mean  of  those  determinations,  sod  employing  tbe  at- 
iogj  in  sect  227,  we  obtain  for  tbe  quantity  of  maUcrii 
the  Moon  nearly  ^,  the  Earth  being  I. 

If  the  forces  of  the  two  Immnanes  were  cqosl,  ^m 
would  be  no  lugh  and  low  water  in  the  day  of  quadntm 
There  would  be  an  devation  above  the  inscribed  si^MnU 
of  J  M -I- SaU  round  the  circumference  of  the  circle  pMOf 
through  the  Son  and  Moon,  forming  tbe  ocean  into  an  A- 


416.  Since  tbe  gravitation  to  the  Sun  alooe  pmiaatiA 
deratiim  of  Z^  inches,  the  grayitation  to  tbe  Moon  if 
ruse  the  waters  £8  indies ;  the  sprii^-tide  will  be  i^'• 
AS,  or  82i  inchea,  nd  the  neap-tye  33{  mdiea. 

U7.  The  proportion  now  adopted  must  be  c« 
that  cniespuuding  to  the  mean  int^iaty  of  the 
lating  forces.   But  Una  proportioa  is  by  do  mc 
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by  reaaoa  of  the  variadon  in  the  distances  of  the  lumina- 

nes.    Calling  the  Sun's  mean  distance  1000,  it  is  988  in 

January  and  1017  in  July.     The  Moon^s  mean  distance 

bong  1000,  she  is  at  the  distance  1055  when  in  apogeo, 

and  94S  when  in  perigee.    The  action  of  the  luminaries  in 

podudng  a  change  of  figure  varies  in  the  inverse  triplicate 

ndo  of  the  distances  (280.)     Therefore,  if  2  and  5  are 

tiken  for  the  mean  disturbing  forces  of  the  Sun  and  Moon, 

we  have  the  following  measures  of  those  forces : 

Svn,  Moon. 

Apogean    1,901  4,268 

Mean  2,—-  6,— - 

Perigean     2,105  5,925 

HeDoe  we  see  that  M :  S  may  vary  from  5,925 : 1,901  to 
MSB :  2,105,  that  is,  nearly  from  6 : 2  to  4 : 2. 
The  general  expression  of  the  disturbing  force  of  the 

Moon  win  beM  =  gSx^^  rj-  where  D  and  d  express 

die  mean  distances  of  the  Sun  and  Moon,  and  a  and  i  any 
oAcr  umultaneous  distances. 

The  solar  force  does  not  greatly  vary,  and  need  not  be 
much  attoided  to  in  our  computations  for  the  tides.  But 
the  change  in  the  lunar  action  must  not  be  neglected,  as 
thb  greatly  affects  both  the  time  and  the  height  of  the 
tide. 

418.  First,  as  to  the  times. 

L  The  tide^y  foUowing  spring-tide  is  24^  27^'  when 
die  Moon  is  in  perigeo,  and  24^  33^  when  she  is  in  apogeo. 

8.  The  tide-day  following  neap-Ude  is  25^  15'  in  the  first 
cue,  and  25*"  40^  m  the  second. 

«8.  The  greatest  interval  between  the  Moon's  southing 
4|^high  water  (which  happens  in  the  octants)  is  39^  when 
Aelfoon  is  in  perigeo,  and  61'  when  she  is  in  apogeo,  y 
bring  y  45'  and  15°  15'. 

419.  The  height  of  the  tide  is  still  more  affected  by  the 
^^'s  change  of  distance. 
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If  the  Mood  b  in  perigeo,  when  new  or  full,  the  Bjpmg- 
tide  will  be  eight  feet,  instead  of  the  mean  qpring-tide  of 
serenfeet.  The  very  next  spring-tide  will  be  no  mare  than 
six  feet,  because  the  Moon  is  then  in  apogeo.  The 
tides,  irfiich  happen  between  these  very  unequal  tides, 
be  regular,  the  Moon  being  then  in  quadrature,  at  bar 
mean  distance. 

But  if  the  Moon  change  at  her  mean  distance,  the  qxing^ 
tide  will  be  regular,  but  one  neap-tide  wiU  be  four  feet,  and 
another  only  two  feet 

We  see  therefore  that  the  regular  monthly  series  of 
heights  and  times  corresponding  to  our  construction  can 
never  be  observed,  because  in  the  veiy  same,  or  nearly  the 
same  period,  the  Moon  makes  all  the  dianges  of  distance 
which  produce  the  effects  above  mentioned.  As  the  effisct 
produced  by  the  same  change  of  the  Moon^s  distance  is  di& 
ferent  according  to  the  state  of  the  tide  which  it  affects^  it 
is  by  no  means  easy  to  apply  the  equation  arising  fixxn  diis 
cause. 

420.  As  a  sort  of  synopus  of  the  whole  of  this  desoip^ 
tion  of  the  monthly  series  of  tides,  the  following  Table  by 
Bernoulli  will  be  of  some  use.  The  first  column  contains 
the  Moon^s  elongation  S  M  (eastward)  from  the  Sun,  or 
from  the  pcnnt  opposite  to  the  Sun,  in  degrees.  The  se* 
cond  column  contains  the  minutes  of  solar  time  that  the 
moment  of  high  water  precedes  or  foUows  the  Moon's 
southing.  This  corresponds  to  the  arch  H  M.  The  third 
column  gives  the  arch  S  H,  or  nearly  the  hour  and  minute 
of  the  day  at  the  time  of  high  water ;  and  the  fourth  co- 
lumn contains  the  height  of  the  tide,  as  expresssed  by  the 
line  m  a,  the  space  S  a  being  divided  into  1000  parts,  as 
the  height  of  a  spring-Ude.  Note  that  the  elongation  B 
supposed  to  be  that  of  the  Moon  at  th6  time  of  her  south- 
ing. 
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TABLE  I. 


SM 


0 

10 

90 

90 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 


HM 


Minutes. 


11 

22 

31i 

40 

45 

46 

40i 

26 


3 


Hour. 


r 

OB 


09 


25 

40A 

46^ 

45 

40 

3U 

22 

Hi 


-.284 

-.58 

1.28i 

2. — 

2.35 

3.13^ 

3.59i 

4.55 

6.— 

7.  6 

a   i 

8.461 
9.25 

10.— 

1031 

11.2 

11.31 

12.— 


ma 


1000 
987 
949 
887 
806 
715 
610 
518 
458 

429 
458 
518 
610 
716 
806 
887 
949 
987 
1000 


(SO.  It  is  proper  here  to  notice  a  drcumstance,  of  very 
pocnl  observation,  and  which  appears  inconsistent  with 
ourooostruction,  which  states  the  high  water  of  neap>tides 
lohqipen  when  the  Moon  is  on  the  meridian.  This  must 
B(ke  the  high  water  of  neap-tides  six  hours  later  than  the 
^igh  water  of  spring-ddes,  suppo^ng  that  to  happen  when 
the  Sun  and  Moon  are  on  the  meridian.  But  it  is  uni> 
Vdalljr  observed,  that  the  high  water  of  tides  in  quadra. 
tOR  is  only  about  five  hours  and  ten  or  twelve  minutes 
werthan  that  of  the  tides  in  syzigy. 

This  is  owing  to  our  not  attending  to  another  circum- 
Xuwe,  namely,  that  the  high  water  which  h^pens  in  sy- 
Bgy,  and  in  quadrature,  is  not  the  high  water  of  spring 
■nd  of  neap-tides,  but  the  third  before  them.     They  cor- 

Vot.  III.  Y 
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respond  to  a  porition  of  the  Moon  19^  westward  of  the  syo- 
gy  or  quadrature,  as  will  be  more  particularly  noticed  after- 
wards. At  these  times,  the  points  of  high  water  are  13^ 
west  of  the  syzigy,  and  29  west  of  the  quadrature,  as  ap- 
pears by  our  construction.  The  lunar  hours  correspond- 
ing to  the  interval  are  exactly  5*"  02',  which  is  nearly  6**  12" 
solar  hours. 

421.  Hitherto  we  have  considered  the  phenomena  of  the 
tides  in  their  most  simple  state,  by  stating  the  Moon  and 
the  Sun  in  the  equator.  Yet  this  can  never  happen; 
that  is,  we  can  never  see  a  monthly  series  of  tides  nearly 
corresponding  with  this  situation  of  the  luminaries.  In 
the  course  of  one  month,  the  Sun  may  continue  within  ax 
degrees  of  the  equator,  but  the  Moon  will  deviate  from  it, 
from  18  to  28  or  80  degrees.  This  will  greatly  afiSect  the 
height  of  the  tides,  causing  them  to  deviate  from  the  series 
expressed  by  our  construction.  It  still  more  affects  the 
time,  particularly  of  low  water.  The  phenomena  depend 
primarily  on  the  zenith  distances  of  the  luminaries,  and, 
.when  these  are  known,  are  accurately  expressed  by  the 
construction.  But  these  zenith  distances  depend  both  on 
the  place  of  the  luminaries  in  the  heavens,  and  on  the  la- 
titude of  the  observer.  It  is  difficult  to  point  out  the 
train  of  phenomena  as  they  occur  in  any  one  place,  be- 
cause the  figure  assumed  by  the  waters,  although  its  depth 
be  easily  ascertained  in  any  single  point,  and  for  any  one 
moment,  is  too  complicated  to  be  explained  by  any  gene- 
ral description.  It  is  not  an  oblong  elliptical  spheroid^ 
formed  by  revolution,  except  in  the  very  moment  of  new 
or  full  Moon.  In  other  relative  situations  of  the  Sun  and 
Moon,  the  ocean  will  not  have  any  section  that  is  circular. 
Its  poles,  and  the  position  of  its  equator,  are  easily  deter- 
mined. But  this  equatorial  section  is  not  a  circle,  but  ap- 
proaches to  an  elliptical  form,  and,  in  some  cases,  is  an  ex- 
act ellipse.  The  longer  axis  of  this  oval  is  in  the  plane 
pasaiig  through  the  Sun  and  Moon,  and  its  extremities 
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win  ibe  points  of  low  water  for  this  circle,  as  determined 
by  our  construction.  Its  shorter  axis  passes  through  the 
centre  of  tlie  Earth,  at  right  angles  to  the  other,  and  its 
extmnities  are  the  points  of  the  lorecst  low  tcater.  In 
Ane  two  [)oii>U,  the  depression  below  the  natural  level  of 
th*  ocean  is  always  the  same,  namely,  the  sum  of  the 
(ireatett  depression  produced  by  each  luminary.  It  is 
•ubJDCted,  therefore,  only  to  the  changes  arising  from  the 
dtaogcs  of  distance  of  the  Sun  and  Moon. 

Thus  it  appears,  that  the  surface  of  the  ocean  has  gene- 

iDy  four  poles,  two  of  which  are  prolate  or  protuberant, 

ud  two  of  ihem  are  compressed.     This  is  most  remark- 

^y  the  case  when  the  lloon  is  in  quadrature,  and  there 

_     iittwi  a  ridge  all  round  that  section  which  has  the  Sua  • 

^^^Hloan  in  its  plane.     The  section  through  the  four 

^^^^Hq)per  and  lower,  is  the  place  of  high  water  all  over 

^HBfftb,  and  the  section  perpendicular  to  the  axis  of  this 

SKhe  place  of  low  water  in  all  parts  of  the  Earth. 

Hence  U  follows,  that  when  tlie  luminaiies  are  iu  the 

pime  of  the  Earth's  equator,  the  two  depressed  poles  of 

'he  watery  spheroid  coincide  with  the  poles  of  the  Earth  ; 

ud  wbat  we  have  said  of  the  times  of  high  and  tow  water, 

^■^■K  other  states  of  the  tide,  are  exact  in  their  applica- 

^^^^Bat  the  heights  of  the  tides  are  diminished  as  we 

H^^^ftom  the  Earth's  ecjiiator,  in  t}ie  proportion  of  ra- 

•Tto  the  cosine  of  the  latitude.     In  all  other  situations 

rfihe  Sun  and  Moon,  the  phenomena  vary  exceedingly, 

*Bd  cmoot  easily  be  shewn  in  a  regular  train.     The  posi- 

fta  of  tltc  high  water  section  is  often  much  inclined  to  the 

■tniairial    meridians,   so   that   the  interval   between   the 

fani  of  tlie  Moon  and  the  transit  of  this  section  across 

tlw  nmidian  of  places  in  the  same  meridian,  is  often  very 

oirerml.     Thus,  on  midsummer  day,  suppose  the  Moon 

■n  her  laat  quadrature,  and  in  the  node,   therefore  in  the 

c^uiUor.    The  ridge  which  forms  high  water  lies  so  obliijue 

1M^  ■trridtann,  thai  when  the  Moon  arrives  at  the  men- 
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dian  of  London,  the  ridge  of  high  water  has  ptsied  Lou* 
doo  about  two  hours^  and  is  now  on  the  north  coast  of 
America.  Hence  it  happens,  that  we  have  no  aatiafactory 
account  of  the  times  of  high  water  in  different  places^  even 
though  we  should  learn  it  for  a  particular  day.  The  only 
wjRy  of  forming  a  good  guess  of  the  state  of  the  tidea  is  to 
have  a  terrestrial  globe  before  us,  and  having  marked  the 
places  of  the  luminaries,  to  lap  a  tape  round  the  gkbe, 
passing  through  these  points,  and  then  to  mark  the  place 
of  high  water  on  that  line,  and  cross  it  with  an  arch  at 
right  angles.  This  is  the  line  of  high  water.  Or,  a  cir* 
cular  hoop  may  be  made,  crossed  by  one  semicircle.  Plaoe 
the  circle  so  as  to  pass  through  the  places  of  the  Sun  and 
Moon,  setting  the  intersection  with  the  semicircle  on  Ae 
calculated  place  of  high  water.  The  semicircle  is  now  the 
line  of  high  water,  and  if  this  armilla  be  held  in  its  present 
position,  while  the  globe  turns  once  round  within  it,  the 
succession  of  tide,  or  the  regular  hour  of  high  water  for 
every  part  of  the  Earth  will  then  be  seen,  not  very  distant 
from  the  truth. 

At  present,  in  oiur  endeavour  to  point  out  the  chief  mo- 
difications of  the  tides  which  proceed  from  the  declination 
of  the  luminaries,  or  the  latitude  of  the  fdace  of  obeenra* 
tion,  we  must  content  ourselves  with  an  i^pproximation^ 
which  shall  not  be  very  far  from  the  truth.  It  will  be 
sufficiently  exact,  if  we  attend  only  to  the  Moon.  The 
effects  of  declination  are  not  much  affected  by  the  Sun^ 
because  the  difference  between  the  declination  of  the  Moon 
and  that  of  the  pole  of  the  ocean  can  never  exceed  six  or 
seven  degrees.  When  the  great  circle  passing  through  the 
Sun  and  Moon  is  much  inclined  to  the  equator  (it  may 
even  be  perpendicular  to  it),  the  luminaries  are  very  near 
each  other,  and  the  Moon'^s  place  hardly  deviates  from  the 
line  of  liigh  water.  At  present,  we  shall  consider  the  lu* 
nar  tide  only. 

422.  Let  N  Q  S  £  (Fig.  50.)  represent  the  terraqueous 
globe,  NS  being  the  axis,  EQ  the  equator,  and  O  the  cen- 
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e  Moon  l;e  in  the  directioa  0  M,  having  tlie 
B  Q.  Let  D  be  any  point  on  tlio  surrace  of 
Ibe  EortJt.  aod  C  D  L  ils  parallel  of  Utitutk',  and  N  D  S 
ill  median.  Let  B'  F  b-J'be  the  elliptical  surface  of  the 
OMin,  luviug  its  |>olcs  B-  and  If  in  the  lina  O  M.  Let 
/OF  be  ils  equator 

Aa  ibe  poiat  D  ts  carried  along  the  parallel  C  D  L,  it 
•ill  pass  in  succession  through  all  the  itatcs  ot'tlic  tide, 
Wing  higU  water  when  it  is  in  C,  and  in  L,  and  low  wa- 
tff  rbcn  it  gets  into  the  intersection  d  of  its  parallel  C  L 
with  ihe  equfttory(/F  of  the  watery  spheroid.  Dfair  the 
Beiidian  N  li  G  through  this  intersection,  cutting  the  ter- 
tMiial  equator  in  G.  Then  the  arch  Q  G,  converted  into 
lunar  hours,  vill  give  tlic  duration  of  ebb  of  the  superior 
tide,  and  G  E  is  the  time  of  the  subsequent  flood  of  thft 
inlenor  tide.  It  is  evident  that  these  are  unequal>  and  lliat 
ibt  whole  tide  GQG,  consisting  of  a  flood-tide  GQ  and. 
i^ib-tide  Q  G,  nhile  the  Moon  is  above  the  horizon  (which 
v»  callcil  the  superior  tide),  exceeds  tlie  duration  of  the 
*We  itiftrior  tide  G  E  G  by  four  times  G  0  (reckoned  in 
lunir  hours.) 

If  the  s])herDid  be  supposed  to  touch  the  sphere  ia^' 
ud  F,  then  C  </  is  the  height  of  the  tide.     At  L,  the 
HJght  of  the  tide  is  L  L',  and  if  the  concentric  circle  L'  q 
bedcKribcd,  Oq  n  the  diiference  between  the  superior' 
and  iarerior  tides. 

Fnim  tliis  construction  we  learn,  in  general,  that  when 
tk«  Moon  has  no  declination,  tlie  duration  of  the  superior^ 
nd  inferior  tides  of  one  day  are  equut  over  all  the  Earth.   ' 

428>.     i.  If  the  Moon  has  declination,  the  superior  tide 
will  be  of  longer  or  of  shurter  duration  than  the  inferior' 
(ide,  according  as  the  Moon's  declination  B  Q,  and  the  lati- 
tude C  ^  of  the  place  of  observation  are  of  the  same  or  of   ' 
dilarest  denominations. 

is*.  3.  When  the  Moon's  declination  is  equal  to  the 
BBJMiliide  of  the  place  >:£  obKrvutton,  or  exceeds  it,  that 
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is,  if  B  Q  is  equal  to  N  o,  or  exceeds  it,  there  will  be  only 
a  superior  or  inferior  tide  in  the  course  of  a  lunar  day. 
For,  in  this  case,  the  parallel  of  the  place  of  observation 
will  pass  through^  or  between  N  and^  as  Jem. 

425.  4.  The  sine  of  the  arch  6  O  is  =  tan.  lat  x  tan. 
dedin.  For  rad.  :  cot.  d  O  G  =  tan.  c^  6  :  nn.  6  O,  and 
on.  60  =  tan.  dGxoot  dOG.  Now,  dQ  is  the  lati- 
tude, and  d  O  G  is  the  codeclination. 
.  426.  The  heights  of  the  tides  are  affected  in  the  same 
way  by  the  dedinadon  of  the  Moon,  and  by  the  latitude 
of  the  place  of  observation.  The  height  of  the  superioi 
tide  e:|^oeeds  that  of  the  inferior,  if  the  Moon^s  declination 
is  of  the  same  denomination  with  the  latitude  of  the  place, 
and  vice  versd.  It  often  happens  that  the  reverse  of  thifl 
is  uniformly  observed.  Thus,  at  the  Nore,  in  the  entry  to 
the  river  Thames,  the  infmor  tide  is  greater  than  the  su- 
perior, when  the  Moon  has  north  declination,  and  vice 
versL  But  this  happens  because  the  tide  at  the  Nore  is 
only  the  derivation  of  the  great  tide  which  comes  round 
the  north  of  Scotland,  ranges  along  the  eastern  coasts  of 
Britain,  and  the  high  water  of  a  superior  tide  arrives  at 
the  Nore,  while  that  of  an  inferior  tide  is  formed  at  the 
Orkney  Islands,  the  Moon  being  under  the  horizon. 

4S7.  The  height  of  the  tide  in  any  place,  occasioned  bj 
the  action  of  a  single  luminary,  is  as  the  square  of  the  co- 
sine of  the  zenith  or  nadir  distance  of  that  luminary. 
Hence  we  derive  the  following  construction,  which  will  ex- 
press  all  the  modifications  of  the  lunar  tide  produced  bj 
declination  or  latitude.  It  will  not  be  far  from  the  trudij 
even  for  the  compound  tide,  and  it  is  perfectiy  exact  in  th€ 
case  of  spring  or  neap-tides. 

With  a  radius  C  Q  (Fig.  51.)  taken  as  the  measure  oi 
the  whole  elevation  of  a  lunar  tide,  describe  the  cirdi 
E  P  Qji7,  to  represent  a  terrestrial  meridian,  where  P  and 
p  are  the  poles,  and  £  Q  the  equator.  Bisect  C  P  in  O, 
and  round  O  describe  the  circle  P  B  C  D.    Let  M  be  that 
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'  tbe  meridian  wliicli  has  xbc  Moon  in  the  zenitb, 
wd  let  Z  be  the  place  of  observation.  Draw  the  diameter 
ZCN,  cutting  the  small  circle  in  B,  and  MC«»  cutting 
it  in  A.  Draw  A  I  parallel  to  E  Q.  Draw  the  dinmeter 
BOD  of  thf  inner  circle,  and  draw  IK,  G  H,  and  A  F 
peipcndicular  to  BD.  Lastly,  draw  ID,  I  B,  AD,  AB, 
tod  C 1  M',  cutting  the  tnetidiao  in  M'. 

After  half  a  diurnal  revolution,  the  Moon  comes  into 
th»  meridian  at  M',  and  the  angle  M'  C  N  is  her  distance 
fna  the  nadir  of  the  observer.  The  angle  I  C  B  is  the 
supplement  of  I C  N,  and  is  also  the  supplement  of  I  D  B, 
tbeoppoaitv  angle  of  a  quadrilateral  in  a  circle.  There- 
Ibk  I  D  B  is  equal  to  the  Moon's  nadir  distance.  Also 
ADB,  being  equal  to  ACB,  is  equal  to  the  Moon's  zenith 
diiunce.  Therefore,  accounting  DB  as  the  radius  of  the 
ubies,  DF  and  DK  are  as  the  squares  of  the  cosines  of  the 
Moon's  xenilh  and  nadir  distances;  and  since  PC,  or  DB, 
*u  tAkcn  as  the  measure  of  the  whole  lunar  tide,  D  F 
*ili  be  the  elevation  of  high  water  at  the  situation  Z  of 
iheobierver,  when  the  Moon  is  above  his  horizon,  and 
DK  k  the  height  of  the  subsequent  tide,  when  the  Moon 
11  under  his  horizon,  or,  more  accurately,  it  is  the  height 
of  the  tide  seen  at  the  same  moment  with  D  F,  by  a  spec- 
tator at  :^  in  the  same  meridian  and  parallel.  (For  tbe 
n&irqoent  tide,  though  only  twelve  hours  at^er,  nnll  be  a 
Dltle  greater  or  less,  according  as  ihcy  are  on  the  increase 
fftkcmise.)  DF,  then,  and  1)K,  are  proportional  to  the 
bfigbts  of  the  superior  and  inferior  tides  of  that  day. 
Mntnver,  as  A I  is  bisected  in  G,  F  K  is  bisected  in  H, 
Uld  U  H  is  llw  arithmetical  mean  between  the  heights  of 
tbe  superior  and  inferior  tides.  Accounting  O  C  as  the 
ndhis  of  the  tables,  A  G  is  the  sine  uf  the  arch  A  C,  which 
mcaiinm  tntice  the  angle  MCQ,  the  Moon's  declination. 
OG  is  the  cosine  of  twice  the  Moon's  declination.  Also 
lie  angle  BOG  i»  equal  to  twice  the  angle  BCQ,  the  lati- 
tude of  die  observer.      Therefore  OH   =  cos.   S  dec!. 
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X  COS.   S  lat. ;     and   DH  =  DO  -(-  O  H»  =  M  X 

1  -f  COS.  3  decL  «  x  cjos.  2  lat       — , .       ,       ^  . 

9 •      ThiB  vtlue  of  the  me- 
dium tide  will  be  found  of  continual  use. 

This  construction  gives  us  very  distinct  ooooeptioBa  of 
all  the  modifications  of  the  height  of  a  lunar  tide,  proceed- 
ing from  the  various  declinations  of  the  Moon,  and  the  po- 
sition of  the  observer ;  and  the  hei^t  of  the  oompound 
tide  may  be  had  by  repeating  the  construction  for  the  Sun, 
substituting  the  declination  of  the  Sun  for  that  of  the 
Moon,  and  S  for  M  in  the  last  formula     The  two  eleva^  ' 

tions  being  added  together,  and  ^  M  +  S  taken  from  the 
sum,  we  have  the  height  required.  If  it  is  a  qpring-tide 
that  we  calculate  for,  there  is  scarcely  any  occasion  for  two 
(q)eradons,  because  the  Sun  cannot  then  be  more  than  nx 
degrees  fiK>m  the  Moon,  and  the  pole  of  the  spheroid  will 
almost  Goincade  with  the  Moon^s  place.  We  may  now  draw 
some  inferences  from  this  representation. 

428.  1.  The  greatest  tides  happen  when  the  Moon  ia 
in  the  zenith  or  nacUr  of  the  place  of  observation.  For  as 
M  approaches  to  Z,  A  and  I  approach  to  B  and  D,  and 
when  they  coincide,  F  coincides  with  B,  and  the  hoght  of 
the  superior  tide  is  then  =  M.  The  medium  tide^  how- 
ever, diminishes  by  this  change,  because  G  comes  nearer 
to  O,  and  consequently  H  comes  also  nearer  to  O,  and 
D  H  is  diminished. 

If,  on  the  other  hand,  the  place  of  observatioii  be 
changed,  Z  approaching  to  M,  the  superior,  infmor,  and 
medium  tides  are  all  increased.  For,  in  such  case,  D  aa-^ 
parates  from  I,  and  DK,  DH,  and  DF  are  all  enlarged. 

429.  2.  If  the  Moon  be  in  the  equator,  the  superior 
and  mferior  ddes  are  equal,  and  =  M  X  cos.'  lat.  For 
then  A  and  I  coincide  with  C ;  and  F  and  K  coalesce  in 
f  ;  and  D i  =  DB  X  cos.«  BDC,  =  DB  x  cos.*  ZCQ. 

430.  3.  If  the  place  of  observation  be  in  the  equator* 
the  superior  and  inferior  tides  are  equal  every  where,  and 
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0CE=  U  X  coa.',  decJin.  i .  For  B  thrn  ooinudes  witli 
C;  the  poinu  F  and  K  coincide  with  G ;  and  P  G  ^= 
PC  X  COB.'  C  PA,  =  M  »  COS.'  M  C  Q. 

iSI.  4^  The  superior  tides  are  grestei  or  less  than  tiic 
mfoior  tides,  iKCording  bs  Z  and  M  ore  on  the  some  or  on 
iiffoaU:  godes  of  the  <;quator.  Fur,  by  taking  Q  Z'  on  die 
otbersidc  of  the  equator,  equal  to  QZ,  and  drawing  ZXa*, 
acting  the  small  circle  in  ^  we  see  that  the  Sgnre  is  sim- 
plj  mcrsed.  The  magnitudes  and  proportions  of  the 
lido  IK  the  some  in  either  rase,  but  the  combinatioD  ts 
iarffted,  and  what  belongs  to  s  superior  tide  in  tlie  one 
cue  bcloDgs  to  an  interior  tide  in  the  other. 

tifi.  S.  If  the  colatitude  be  equal  to  tlie  Moon's  de- 
Hinnion^  or  less  than  it,  there  will  l>e  no  interior  tide*  or 
no  iupenor  tide,  aecorduig  as  the  latitude  end  Moon's  de- 
dination  arc  of  ibc  same  or  of  different  denominatioQA. 
For  Then  P  Z  =  M  Q,  D  coincides  witli  I,  and  K  also 
onDcides  with  I.  Also,  when  PZ  is  less  than  MQ,  D 
ftlU  bcbir  I,  and  the  point  Z  never  passes  through  the 
equator  of  the  watery  spheroid.  The  low  water  m  m 
(Fi^  £0.)  observed  In  the  parallel  k  m  is  only  a  lower  part 
of  tilt  auDe  tide  k  k,  of  which  the  high  water  is  also  ob- 
tmd  ia  (})■:  same  place.  In  such  sitoations,  the  tides  are 
^  xnail,  and  are  fiubjected  to  singular  varieties,  which 
via  from  ilw  Moon's  change  of  declination  and  distance. 
audi  ^es  can  be  seen  only  in  the  circiunpolar  regions. 
The  lalubitAnts  of  Iceland  notice  a  period  of  nineteen 
nn,  in  vbich  their  tides  gradually  increase  and  dinunish, 
md  exhibit  very  singular  phenomena.  This  is  nndoubt' 
Qilf  owing  Id  the  revolution  of  llie  Moon's  nodes,  by  winch 
btt  dccUnfttion  is  ounsiderably  alfected.  That  island  is 
Enbiriy  in  the  port  of  the  ocean  where  the  effect  of  this 
vnou  remarkable.  A  register  kept  there  would  be  very 
■lUtnicltvo;  and  it  is  to  be  hoped  that  this  will  be  done, 
■  in  that  uquejutraled  Thule  there  is  a  xealuus  mtrono- 
M<  I^evog,  furnished  with  good  instruments,  to  whom 
rations  has  been  recoiuiuended. 
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433.  6.  At  the  very  pole  there  is  no  duly  tide.  But 
there  is  a  gradual  rise  and  subsidence  of  the  water  twice 
in  a  month,  by  the  Moon^s  declining  on  both  sides  of  the 
equator.  The  water  is  lowest  at  the  pole  when  the  Mora 
is  in  the  equator,  and  it  rises  about  twenty-nx  inches  when 
the  Moon  is  in  the  tropics.  Also,  when  her  aacending 
node  is  in  the  vernal  equinox,  and  she  has  her  greatest  de- 
clination, the  water  will  be  thirty  inches  above  its  lowest 
state,  by  the  action  of  the  Moon  alone. 

434.  7.  The  medium  tide  is,  as  has  already  been  ob- 

-        ,,     1  +  COS.  2  decl.  ([  X  cos.  2  lat. 
served,  =  M  x ^ 

As  the  Moon^s  declination  never  exceeds  30>,  the  cosine 
of  twice  her  declination  is  always  a  positive  quantity,  and 
never  less  than  ^.  When  the  latitude  is  less  than  45^,  the 
cosine  of  twice  the  latitude  is  also  positive,  but  negative 
when  the  latitude  exceeds  45^.  Attending  to  these  cir- 
cumstances, we  may  infer, 

435.  1.  That  the  mean  tides  are  equally  affected  by 
the  northerly  and  southerly  declinations  of  the  Moon. 

436.  %  If  the  latitude  be  exactly  45"",  the  mean  tide 
is  always  the  same,  and  =  J  M.  For,  in  this  case,  BD  if 
perpendicular  to  F  C,  and  the  point  H  always  ccnndde! 
with  O.  This  is  the  reason  why,  on  the  coasts  of  France 
and  Spain,  the  tides  are  so  little  affected  by  the  declinatkn 
of  the  luminaries. 

437.  3.  When  the  latitude  is  less  than  40^,  the  mem 
tides  increase  as  the  declination  of  the  Moon  diminishes. 
For  cosin.  S  lat,  being  then  a  positive  quantity,  the  for- 
mula increases  when  the  cosine  of  the  declination  of  the 
Moon  increases,  that  is,  it  diminishes  when  the  dedinatiou 
of  the  Moon  increases.  As  BQ  diminishes,  6  comei 
nearer  to  C,  and  H  separates  from  O  towards  B,  and  DB 
increases. 

But  if  the  latitude  exceed  45°,  the  point  H  must  fall 
between  O  and  D,  and  the  mean  tide  will  increase  as  the 
declination  increases. 
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5.  If  the  latitude  be  =:  0,  tlie  point  H  cmncides 
wiih  G,  «nd  the  effect  of  the  Moon's  declinatioR  is  ttieti 
thf  mmt  sensible.  The  mean  tide,  in  this  case,  is  M  » 
l  +  coa.  g  declin.  g 

2 
489.  Every  thing  that  lias  beeu  detemiitied  here  for  the 
loMr  tide  may  easily  be  accommodated  to  the  high  and 
loir  valer  uf  the  compound  tide,  by  repeating  the  coni- 
paUlioas  with  S  in  the  place  of  M,  as  the  constant  coeffi- 
denL  But,  in  general,  it  is  almost  as  exact  as  the  nature 
itfiiie  question  will  admit,  to  attend  only  to  tlie  lunar  tide. 
The  declination  of  the  real  summit  of  the  spheroid,  in  tills 
cue,  ocver  differs  from  the  declination  of  the  summit  of 
iIm  luaur  tide  more  than  two  degrees,  and  the  correction 
BHj  be  made  at  any  time  by  a  little  reHection  on  the  si- 
nullaoeous  position  of  the  Sun.  What  has  been  said  is 
itnctly  applicable  to  the  spring  tides. 

U  +  S— tide  X  ain.^  d  0  (Fig.  50.)  is  the  quantity  to  be 
uUcd  to  the  tide  found  by  the  construction.  It  is  exact 
IB  tpfbg-tides,  and  very  near  the  truth  in  all  other  cases. 

Th«  im.* rf  O  is  =~^-Pp— .      For  sin.  JO  G:  sin.  d 
cos.'deci.  V 

G0=Kn.dQ:Kn.dO. 

Such,  then,  arc  the  more  simple  and  general  conse- 
•(iKscra  of  gravitation  on  the  waters  of  our  ocean,  on  the 
mppntioa  that  the  whole  globe  is  covered  with  water,  and 
dtf  the  ocean  always  has  the  fbrm  which  produces  a  per> 
fat  Kjuilibrium  of  force  in  every  particle. 

404.  But  the  globe  is  not  so  covered,  and  it  is  clear  that 
iWre  must  be  a  very  great  extent  of  open  sea,  ui  order  to 
produce  tlial  elevation  at  the  summit  of  the  spheroid  which 
omsponds  witli  the  accumulating  force  of  the  luminaries.' 
I  A  quadrant  at  least  of  the  ellipse  is  necessary  for  giving  tlw  i 
■bole  tide.  With  less  than  this,  there  will  not  he  enough 
rf  water  lo  make  up  the  spheroid.  And,  to  produce  the 
&ill  daily  vicissitude  of  high  and  low  water,  this  extent  of 
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sea  must  be  in  longitude.  An  equal  extent  in  latitude ; 
produce  the  greatest  devation ;  but  it  will  not  produce 
series  of  h^bts  that  should  occur  in  the  course  of  a  fa 
day.  In  confined  seas  of  small  extent,  such  as  the  Casf 
the  Euxine,  the  Baltic,  and  the  great  lakes  in  North  A 
lica,  the  tides  must  be  almost  insenuble.  For  it  is  etii 
that  the  greatest  differonoe  of  height  on  the  riiore  of  i 
confined  seas  can  be  no  more  than  the  deflection  Beam 
tangent  of  the  arch  of  the  spheroid  oontamed  in  that 
This,  in  the  Caspian  Sea,  cannot  exceed  seyen  inchei 
quantity  so  small,  that  a  slight  breeze  of  wind,  setting 
shore,  will  be  sufficient  for  preventing  the  accumulal 
and  eren  for  producing  a  depression.  A  moderate  hn 
blowing  along  the  canal  in  St  Jameses  Park  at  Loim 
raises  the  water  two  indies  at  one  end,  while  it  depress 
as  much  at  the  other.  The  only  confined  seas  of  oonn 
able  extent  are  the  Mediterranean  and  the  Red  Sea.  ' 
first  has  an  extent  of  40^  in  longitude,  and  the  tides  tl 
might  be  very  sensible,  were  it  on  the  equator,  but  b 
in  lat  35  nearly,  the  effects  are  lessened  in  the  proper 
of  five  to  four.  In  such  a  situation,  the  phenomena 
very  difierent,  both  in  regard  to  time  and  to  kind,  f 
what  they  would  be,  if  the  Mediterranean  were  part  of 
open  ocean.  Its  surface  will  be  parallel  to  what  it  wc 
be  in  that  case,  but  not  tiie  same.  This  will  appear  by 
spection  of  Fig.  51,  where  m  rp  represents  the  natural  1 
of  the  ocean,  and  M  o  Q  represents  the  watery  spher 
having  its  pole  in  M,  and  its  equator  at  Q^  S  «  may 
present  a  tide  post,  set  up  on  the  shore  of  Syria,  at  the 
end  of  the  Mediterranean,  and  Go  a  post  set  upat  the  < 
of  Gibraltar,  which  we  shall  suppose  at  present  to 
dammed  up.  When  the  Moon  is  over  M,  the  wster 
the  Mediterranean  assume  the  surface  grs^  pftralM  to 
corresponding  portion  of  the  dliptical  surface  Q  o  M,  cr 
ing  the  natural  surface  at  r,  nearly  in  the  middle  at 
length.    Thus,  on  the  Syrian  coast,  there  is  a  cxmsiden 
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dnatioD  of  the  waters,  and  at  Gibrallar,  there  is  a  conrn- 
itaUt  depreMion.  In  tlie  middle  of  the  length,  the  water 
if  at  its  mean  height.  The  water  of  the  Atlantic  Ocean, 
ID  open  and  extensive  sea,  assumes  the  surface  of  the  equi- 
iibnted  Rpheroid,  and  it  stands  considerably  higher  on  the 
mlvde  of  the  dam,  as  is  seen  by  G  o,  than  on  the  inside, 
m  exprened  by  Gg-.  It  is  nearly  low  water  within  the 
Siruu,  while  it  is  about  ^  or  i  {tond  without.  The  water 
hat  been  ebbing  for  some  hours  within  the  Straits,  but 
Sonng  for  great  part  of  the  time  withottt.  As  the  Moon 
nana  westward,  toward  Gibraltar,  tlie  water  will  begin  to 
im,  bot  slowly,  within  the  Straits,  but  it  is  (towing  very 
liH  iritbouL  When  the  Moon  gets  to  P,  things  are  re- 
nnti.  The  summit  of  the  spheroid  (It  being  supposed  a 
ipnDg^tide)  is  at  P,  and  it  is  nearly  high  water  within  the 
Sbaits,  but  has  been  ebbing  for  some  hours  wlihqut.  It 
ii  Imr  water  on  the  cvasl  of  Syria.  All  this  while,  the 
water  At  r,  in  the  middle  of  the  Mediterranean,  has  not  al> 
kni  Its  height  by  any  sensible  quantity.  It  will  be  high 
wider  al  ooe  end  of  the  Mediterranean,  and  low  water  at 
the  other,  when  the  middle  is  in  that  part  of  the  general 
tphrroKl  where  the  surface  makes  the  most  unequal  angles 
«th  the  vertical.  This  will  bo  nearly  in  the  octants,  and 
iberHbre  altotit  1 J  hours  before  and  after  the  Moon's  south* 
ing  (supposing  it  apring-lideV 

Th«c  obBervatioDS  greatly  contribute  to  the  explanation 
of  the  lingular  currents  in  tlie  Straits  of  Gibraltar,  as  they 
we  described  by  different  authors.  For  although  the  Me- 
dilirrBnean  i^  not  shut  up,  and  altogether  separated  from 
(he  Atlantic  Ocean  at  Gibraltar,  the  communication  is  ex- ; 
licmely  scanty,  and  by  no  means  sufficient  for  allowing  the 
iide  of  the  ocean  tn  dilfuse  itself  into  this  hason  in  a  regu* 
le  manner.  Changes  of  tide,  always  different,  and  fre. 
qtieotly  quite  opposite,  are  observed  on  ihe  east  and  west 
•ide  of  the  narrow  neck  which  connects  the  Rock  with 
<^pnit  and  the  general  tent>r  of  those  dmnges  has  s  very 
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great  aniiiogy  with  what  has  now  been  describe  ' 
tides  in  the  Mediterranean  are  small,  and  therefore  a 
affected  by  winds,  But  they  arc  remarkably  ng[ 
This  may  be  expected.  For  as  the  coUeclion  or  ibit 
tioii  necessary  for  producing  the  change  is  but  n 
they  arc  soon  accomplished.  The  registers  of  the  I 
at  Venice  and  some  other  ports  in  the  Adriatic  are  w^ 
ingly  conforinable  to  the  theory.  See  Phil.  Tnot 
LXVII. 

From  this  example,  it  is  evident  that  great 
may  be  expected  in  the  observed  phenomena  of  lire 
from  the  immediate  results  of  the  simple  unobstnid 
theory,  and  yet  the  theory  may  be  fully  adequate  to  dwi 
planation  of  tbem,  when  the  circumstances  of  local  attui 
are  properly  considered. 

40d-  The  real  state  of  things  is  such,  that  there  mi 
few  parts  of  the  ocean  where  the  theory  can  be  tff 
without  very  great  modifications.  Perhaps  the  gmtF 
fie  Ocean  is  the  only  part  of  the  terraqueous  globe  in  i4 
all  the  forces  have  room  to  operate.  When  we  eon 
the  terrestrial  globe  as  placed  before  the  acting  lumin 
which  have  a  relative  motion  round  it  from  east  to  i 
and  consider  the  accumulation  of  the  waters  as  keeping' 
with  them  on  the  ocean,  we  must  see  that  the  tidet 
which  we  arc  most  familiarly  acqu^ntcd,  namely,  t 
which  visit  the  western  shores  of  Europe  and  Afiica, 
the  eastern  shores  of  America,  must  also  be  irregular, 
be  greatly  diversified  by  the  situation  of  the  coasts, 
accumulation  on  our  coasts  must  be  in  a  great  measure 
plied  by  what  comes  from  the  Indian  and  Ethiopic  0 
from  the  eastward,  and  what  is  brought,  or  kepi 
from  the  South  Sea ;  and  the  accumulation  must  be 
fused,  as  from  a  collection  coming  round  the  Cape  of  < 
Hope,  and  round  Cape  Horn.  Accordingly,  the 
Hon  of  high  water  is  entirety  consonant  with  such  a  su 
It  is  high  water  at  the  Cape  of  Good  Hope 
""^  1 
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odock  at  new  &nd  full  moon,  and  it  happens  later 
■od  later,  as  we  proceed  to  the  nonhward  along  the  const 
ofAfiica;  Utcr  and  later  still  as  we  follow  it  along  the 
vnt  coasts  uf  Spoin  and  France,  till  we  get  to  the  mouth 
of  the  English  Channel.  In  short,  tlie  high  water  proceeds 
alilDg  tbuse  shores  just  like  the  top  of  a  wave,  and  it  may 
be  foUawed,  hour  aAer  hour,  to  the  diiTerent  harbours 
iloDg  the  const.  The  same  wave  continues  ita  progress 
nunhworda  (for  it  seems  to  be  the  only  supply),  part  of  it 
^Hng  up  St  George's  Channel,  part  going  northward  by 
the  west  &ide  of  Ireland,  and  a  branch  of  it  going  up  the 
English  Channel,  between  this  island  and  France.  What 
goes  up  by  the  east  and  west  sides  of  Ireland  unites,  and 
pFDCceds  slUI  northward,  along  the  western  coasts  and 
nlands  of  Scotland,  and  then  difi'uses  itself  to  the  eastward, 
tntrd  Norway  and  Denmark,  and,  circling  round  the 
tuura  coasts  of  Britain,  comes  southward,  in  what  is  call- 
nl  the  German  Ocean,  till  it  reaches  Dover,  where  it  meets 
»itb  the  branch  whicli  went  up  the  English  Channel. 

406.  It  is  remarkable  that  this  nortliem  tide,  after  hav- 
ing made  such  a  circuit,  is  more  powerful  tlian  the  branch 
which  proceeds  up  the  English  Channel.  It  reaches  Dover 
•bout  a  <{UBrter  of  an  hour  before  the  southern  tide,  and 
fcroM  it  backwards  for  half  an  hour.  It  must  also  be  re- 
nariwd,  tlmt  the  tide  which  comes  up  channel  is  not  the 
■•nic  with  the  tide  which  meets  it  from  the  north,  but  is  a 
ihiie  tide  earlier,  if  not  two  tides.  For  the  spring-tide  at 
Hjre  H  a  tide  earlier  than  the  spring-tide  at  the  Nore.  It 
(Vea  seems  more  nearly  two  tides  earlier,  appearing  the  one 
HoAen  as  tlie  other.  This  may  be  better  seen  by  tracing 
lliebotir  of  high  water  from  the  Li/ard  up  St  George's 
Ounnel  and  along  the  west  coasts  of  Scotland.  Now  it  is 
nry  clear  that  the  superior  tide  at  the  Orkney  islands  is  ai- 
nnbftacous  with  the  inferior  tide  at  the  mouth  of  the 
nunc*.  It  is  therefore  most  probable  that  the  Orkney 
tidabal  Inal  one  tide  later  than  at  the  Lizard,  The  whole 
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of  this  tide  is  very  anomalous,  espedally  after  getting  to  the 
Orkneys.  It  is  a  derivative  from  the  great  tide  of  the  qpen 
sea,  which  being  very  distant,  is  subjected  to  the  influence 
of  hard  gales,  at  a  distance,  and  frequently  unlike  what  is 
going  on  upon  oiu*  coasts. 

407.  A  similar  progress  of  the  same  high  water  fiomthe 
southward  is  observed  along  the  eastern  shores  of  South 
America.  But,  after  passing  Brazil  and  Surinam,  die  At- 
lantic Ocean  becomes  so  wide  that  the  eflect  of  this  high 
water,  as  an  adventitious  thing  supplied  from  the  south* 
ward,  is  not  so  sensible,  because  the  Atlantic  itself  is  now 
extensive  enough  to  contribute  greatly  to  the  formation  of 
the  regular  spheroid.  But  it  contributes  chiefly  by  abstrao* 
tion  of  the  waters  from  the  American  side,  while  the  accu- 
mulation is  forming  on  the  European  ade  of  the  Atlantic. 
By  studying  the  succes^ve  hours  of  high  water  along  the 
western  coasts  of  Africa  and  Europe,  it  appears  that  it 
takes  nearly  two  days,  or  between  foiu*  and  five  lides^  to 
come  from  the  Cape  of  Good  Hope  to  the  mouth  of  the 
English  Channel.     This  remark  is  of  peculiar  importance. 

408.  Few  observations  have,  as  yet,  been  made  public 
concerning  the  tides  in  the  Great  Pacific  Ocean.  They 
must  exhibit  phenomena  considerably  different  from  what 
are  seen  in  the  Atlantic.  The  vast  stretch  of  uninterrupt- 
ed coast  from  Cape  Horn  to  Cook's  Stnuts,  prevents  all 
supply  from  the  eastward  for  making  up  the  spheroid.  So 
far  as  we  have  information,  it  appears  that  the  tides  are 
very  unlike  the  European  tides,  till  we  get  40°  or  60**  west 
from  the  coast  of  America.  In  the  neighbourhood  of  that 
coast,  there  is  scarcely  any  inferior  tide.  Even  in  the 
middle  of  the  vast  Pacific  Ocean  the  tides  are  very  small, 
but  abundantly  regular. 

409.  The  setting  of  the  tides  is  affected,  not  only  by  the 
form  of  the  shores,  but  also  by  the  inequalities  which  un- 
doubtedly obtain  in  the  bottom  of  the  ocean.  A  deep  and 
long  valley  there  will  give  a  direction  to  the  waters  which 
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If  il,  even  although  ihey  Car  overtop  the  higher 

h  side,  just  as  we  observe  the  wind  follow  tlie 

p  of  the  valleys.     This  direction  of  the  undermost 

K  affects  those  thut  Rov  above  thctn,  in  consequence 

k  mutual  adhesion  of  the  filaments;  and  thus  the  whole 

8  deflected  from  the  direction  which  it  would  have 

«d  Uie  ground  been  even.    By  such  deflections  the 

I  lengthened,  and  the  time  of  its  reaching  a  cer- 

e  is  protracted ;  and  this  produces  other  deviauons 

e  calculations  by  the  simple  tlieory, 

e  peculiarities  in  the  bed  or  channel  also  greats 
t  the  height  of  the  tides.  When  a  wave  of  a  certuii 
!  enters  a  channel,  it  has  a  certiun  quantity  of 
I,  measured  by  the  quantity  of  water  and  its  velocity, 
me),  keeping  the  same  depth,  contract  in  its  width, 
R",  keeping  liir  a  while  its  momentum,  must  increase 
',  or  its  depth,  or  both.  And  thus  it  may  happen 
■4rt,  although  llie  greatest  elevation  produced  by  the  joint 
action  of  the  Sun  and  Moon  in  the  open  sea  does  not  e\- 
tted  eight  or  nine  feet,  tlie  tide  in  some  singular  situations 
may  mount  considerably  higher.  It  seems  to  be  owing  to 
thii  that  ilie  high  water  of  the  Atlantic  Ocean,  which  at 
^  Heleua  does  not  exceed  four  or  live  feet,  setting  in 
tUiqudy  on  the  coast  of  North  America,  ranges  along  that 
msi,  in  a  channel  gradually  narrowing,  till  it  is  stopped 
in  ibt  Bay  of  Fundy  us  in  a  hook,  and  there  it  heaps  up  to 
•n  istonishing  degree.  It  sometimes  rises  120  teet  in  the 
hvbour  of  Auapolis-jloyal.  Were  it  not  tlint  we  see  in- 
Kmccs  of  as  etrange  effects  of  a  sudden  check  given  to  the 
Duition  of  water,  we  should  be  disposed  to  think  that  the 
Iheory  ia  not  adctjuate  to  tlie  explanation  of  the  pheno- 
mena. But  the  extreme  disparity  that  we  may  observe  in 
plues  very  near  each  other,  and  which  derive  iheir  tide 
(rem  iJic  very  same  tide  in  the  open  sea,  must  convince  vis 
ikat  such  anomalies  do  nut  impugn  the  general  principle, 
Vot.  HI.  Z 


SM  PHYSICAL  ASTEOVokr. 

akfaough  we  should  never  be  abk  f uUy  to  acooimt  for  the 
discrepancy. 

447.  Nothing  causes  so  much  irregularity  in  the  tides  as 
the  reflection  of  the  tide  from  shore  to  shore.  If  a  pen- 
dulum, while  yibrating,  reodyes  little  impulses*  at  intervals 
that  ore  always  the  same,  and  very  nearly  equal  to  its  own 
^hrations,  or  even  to  an  aliquot  part  of  them,  the  vifan> 
tions  may  be  increased  to  a  great  magnitude  after  some 
time,  and  then  will  gradually  ditninirfij  and  thus  have  pe» 
nods  of  increase  and  decrease.  So  it  haj^pens  in  the  un* 
dulation  which  constitutes  a  tide.  The  situatioii  of  the 
coasts  may  be  such,  that  the  time  in  which  this  undulatioQ 
would,  of  itself,  play  backward  and  forward  from  shore  lo 
shore,  may  be  so  exactly  fitted  to  the  recurring  action  of 
the  Moon,  that  the  subceeding  impulses,  always  added  to 
the  natural  undulation,  may  raise  it  to  a  hdght  altogether 
disproportioned  to  what  the  action  of  the  Moon  can  pi»> 
duce  in  open  sea,  where  the  undulation  difiiises  itself  to  a 
vast  distance.  What  we  see  in  this  way  should  sufiBce  £or 
accounting  for  the  great  height  of  the  tides  on  the  coaMs  of 
continents.  Dan.  Bernoulli,  justly  thinking  that  the  bb. 
stnictions  of  various  kinds  to  the  movements  of  the  ocean 
should  make  the  Udes  less  than  what  the  unobstructed 
forces  are  able  to  produce,  concluded,  from  the  great  tides 
actually  observed,  and  compared  with  the  tides  produdbk 
by  the  Newtonian  theory,  that  this  thecHy  was  erronecnuL 
He  thought  it  all  derived  from  Newton^s  erroneous  idea  of 
the  proportion  of  the  two  axes  of  the  terraqueous  globe ; 
which  mistake  results  from  the  supposition  of  primitive 
fluidity  and  uniform  density.  He  investigates  the  form  of 
the  Earth,  accommodated  to  a  nucleus  of  great  density, 
covered  witli  a  rarer  fluid,  and  he  thinks  that  he  has  de- 
monstrated that  the  height  of  the  tide  will  be  in  proportion 
to  the  comparative  density  of  this  nucleus,  or  the  rarity  of 
the  fluid.  This,  says  he,  alone  can  account  for  the  tides 
that  we  really  observe ;  and  which,  great  as  they  are,  are 


TttEORY  or  THE  TIDES. 


SfiJ 


a  pun  of  what  tlicy  would  be,  were  they  not 
ibstnicicd.  This  is  extremely  specious,  and, 
n  on  emioeDt  mathematician,  has  considerable 

ity.  Bui  the  problem  of  the  figure  of  the  Eartli  has 
been  cxiimined  with  the  most  scrupulous  altention,  since 
the  6ays  of  M.  Bernoulli,  by  the  first  mntliematiciana  of 
Garapc,  wlio  are  all  perfectly  agreed  in  their  deductions, 
and  oonfirm  that  of  Sir  Isaac  Newton.  They  liave  also 
pnmd,  and  we  apprebend  that  it  is  sufficiently  cstabhshed 
in  azv  4S0.  that  a  denser  nucleus,  instead  of  niakitig  a 
gnUa  tide,  will  make  it  smolier  than  if  the  whole  globe 
be  of  one  density.  The  ground  of  Bernoulli's  niistake  has 
abo  been  dearly  pointed  out.  There  remains  no  other 
vajr  of  OKOtinting  for  the  great  tides  but  by  causes  such 
■1  hivp  now  been  mentioned.  When  the  tides  in  the  open 
Pacific  Ocean  never  exceed  three  or  four  feet,  wc  Dinat  be 
atmnoed  timt  the  extravagant  tides  observed  on  the  coasts 
ofgRSt  ooQliaents  are  anomalies ;  for  there,  the  obstruc- 
mtwc  oertmnly  greater  than  in  (he  open  sea.  We  must 
faiftn  look  for  an  explanation  in  the  motions  and  colli- 
aoa  of  disturbed  tides.  1'heae  anomalies  therefore  bring 
w  mfid  objection  against  llie  general  theory. 

448.  There  arc  some  situations  where  it  is  easy  to  ex- 
pUin  the  deviations,  and  the  exptunatiou  is  instructive. 
BififMie  a  gn^at  navigable  river,  running  nearly  in  a  meri- 
dumU  direction,  and  falling  into  the  sea  in  a  southern 
Mot  The  high  water  of  tlic  ocean  reaches  the  mouth  of 
•Ui  Titer  (we  may  suppose)  when  the  Sun  and  Moon  are 
logtUMr  in  tlie  meridian.  It  is  therefore  a  spring-tide  high 
■Her  M  the  moulli  of  the  river  at  noon.  This  checks  (he 
■Iwn  rt  the  mouth  of  the  river,  and  causes  it  to  deepen, 
checks  tile  current  farther  up  the  river,  and  it 

Itharc  also,  because  there  is  always  the  same  quan- 

id  water  pouring  into  it.     The  stream  is  not  per- 

1,  but  only  retarded.     But  this  cannot  happen 

Iha  growing  dec]Ter.     Thie  is  propagnted  farther 
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and  farther  up  the  stream,  and  it  is  percayed  at  a  great 
distance  up  the  river.     But  this  requires  a  connderaUe 
time.     Our  knowledge  in  hydraulics  is  too  imperfect  as 
yet  to  enable  us  to  say  in  what  number  of  hours  this  sen- 
sible check,  indicated  by  the  smaller  velodty,  and  greater 
depth,  will  be  propagated  to  a  certain  distance.     We  may 
suppose  it  just  a  lunar  day  before  it  arrive  at  a  certun 
wharf  up  the  river.     The  Moon,  at  the  end  of  the  day,  is 
again  on  the  meridian,  as  it  was  when  it  was  a  spring*tide 
at  the  mouth  of  the  river  the  day  before.     But,  in  this  in> 
terval,  there  has  been  another  high  water  at  the  mouth  of 
the  river,  at  the  preceding  midnight,  and  there  has  just 
been  a  third  high  water,  about  fifteen  minutes  before  the 
Moon  came  to  the  meridian,  and  thirty-five  minutes  after 
the  Sun  has  passed  it     There  must  have  been  two  low 
waters  in  the  interval,  at  the  mouth  of  the  river.    Now,  in 
the  same  way  that  the  tide  of  yesterday  noon  is  propagated 
up  the  stream,  the  tide  of  midnight  has  also  proceeded  up- 
wards.    And  thus,  there  arc  three  coexistent  high  waters 
in  the  river.     One  of  them  is  a  spring-tide,  and  it  is  far 
up,  at  the  wharf  above  mentioned.     The  second,  or  the 
midnight  tide,  must  be  half  way  up  the  river,  and  the  third 
is  at  tlie  mouth  of  the  river.     And  there  must  be  two  low 
waters  intervening.     The  low  water,  that  is,  a  state  of  the 
river  below  its  natural  level,  is  produced  by  the  pas^ng  low 
water  of  the  ocean,  in  the  same  way  that  the  high  water 
was.     For  when  the  ocean  falls  below  its  natural  level  at 
the  mouth  of  the  river,  it  occasions  a  greater  declivity  of 
the  issuing  stream  of  the  river.     This  must  augment  its 
velocity — this  abstracts  more  water  from  the  stream  above, 
and  that  part  also  sinks  below  its  natural  level,  and  gives  a 
greater  declivity  to  the  waters  behind  it,  &c.  And  thus  the 
stream  is  accelerated,  and  the  depth  is  lessened,  in  succes- 
sion, in  the  same  way  as  the  opposite  cifects  were  produced. 
We  have  a  low  water  at  different  wharfs  in  succession,  just 
as  we  had  the  high  waters. 
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i  State  of  tilings,  which  roust  he  familiarly 
Icnowii  to  all  who  huve  paid  any  attcutimi  to  these  inattersi 
.  ^Jj^iog  seen  m  ftlramtl  every  river  which  opens  into  a  tide 
s  UB  the  most  dixtiact  notion  of  the  mediaiiisra  of 
The  daily  returning  tide  is  nothing  but  an  un- 
Q  or  wave,  excited  and  maintained  by  the  action  of 
t  Sun  and  Moon.  Tt  ii  a  great  mistake  to  imagine  that 
wecunot  have  high  water  at  London  Bridge  (for  example) 
tinlen  the  water  be  raised  to  that  level  all  the  way  Groni  the 
axuth  of  tlie  Thames.  In  many  places  that  are  far  frotn 
the  NO,  the  stream,  at  the  moment  of  high  water,  is  dowD 
(he  river,  and  sometimes  it  is  considerable.  At  Quebec, 
it  niDS  downward  at  least  tliree  miles  per  hour.  There- 
toK  the  water  is  not  heaped  up  to  the  level ;  for  there  is 
1  witliout  a  declivity.  The  harbour  at  Alloa,  in 
r  Forth,  is  dry  at  low  water,  and  the  bottom  is 
iL  fcet  higher  than  the  highest  water-mark  on  the 
T  lit  Leith .  Yet  there  are  at  Alloa  tides  of  twenty, 
1  twenty-two  feet.  All  Leith  would  then  be  under 
f  it  stood  level  from  Altoa  at  the  time  of  high  water 


t  eonsidering  a  tide  in  tlii£  way,  any  person  who  has 

I  the  very  strange  motions  of  a  tide  river,  in  its 

8  bendings  and  creeks,  and  the  currents  that  are  fre- 

r  observed  in  a  direction  opposite  to  the  general 

,  will  no  longer  expect  that  the  phenomena  of  Uie 

11  be  such  as  immediately  result  from  the  regular 

a  of  the  wlar  and  lunar  forces. 

.  There  is  yet  another  cause  of  deviation,  whidi  is 

;  dissimilating  than  any  local  circmn stances, 

e  operation  of  which  it  is  very  diHicult  to  state  fami- 

f\  and  yet  precisely.    This  is  the  inertia,  as  it  i^  called, 

kwAtcTs.     No  finite  change  of  place  or  of  velocity 

t  produced  in  an  instant  by  any  accelerating  force. 

must  elapse  before  a  stone  con  acquire  any  nteasure- 

f  hy  falling. 


358  YHTSICAL  ASTBOXOXr. 

Suppose  the  Earth  fluid  to  the  centre,  and  at  rest,  intli' 
out  any  external  disturbing  force-  The  ocean  wiU  form  a 
perfect  sphere.  Let  the  Moon  now  act  on  it  The  waten 
will  gradually  rise  immediately  under  the  Moon  and  in  the 
opposite  part  of  the  Earth,  sinking  all  around  the  equator 
of  the  spheroid.  Each  particle  proceeds  to  its  ultimate 
situation  with  an  accelerated  motion,  because,  till  then,  the 
disturbing  force  exceeds  the  tendency  of  the  water  to  sub- 
side. Therefore,  when  the  form  is  attmned  which  halanrw 
those  forces,  the  motion  does  not  stop,  just  as  a  pendulum 
does  not  stop  when  it  reaches  the  lowest  point  of  its  aidi 
of  vibration.  Suppose  that  the  Moon  ceases  to  act  at  this 
instant.  The  motion  will  still  go  on,  and  the  ocean  wDI 
overpass  the  balanced  figure,  but  with  a  retarded  motion, 
as  the  pendulum  rises  on  the  other  side  of  the  peipen^fieu- 
lar.  It  will  stop  at  a  certain  form,  when  all  the  fonnerao- 
oelcration  is  done  away  by  the  tendency  of  the  water  to  sub- 
side. It  now  begins  to  subnde  at  the  poles  of  the  spheroid, 
and  to  rise  at  the  equator,  and  after  a  certain  time^  it  be- 
comes a  perfect  sphere,  that  is,  the  ocean  has  its  natural 
figure.  But  it  passes  this  figure  as  far  on  the  other  nde» 
and  makes  a  flood  where  there  was  formerly  an  ebb ;  and 
it  would  now  oscillate  for  ever,  alternately  swelling  and 
contracting  at  the  points  of  syzigy  and  quadrature.  If  the 
Moon  do  not  cease  to  act,  as  was  just  now  supposed,  thcve 
will  still  be  oscillations,  but  somewhat  different  from  those 
now  mentioned.  The  middle  form,  on  both  sides  of  which 
it  oscillates  in  this  case,  is  not  the  perfect  sphere,  but  the 
balanced  spheroid. 

451.  All  this  is  on  the  supposition  that  there  is  no  oIk 
struction.  But  the  mutual  adhesion  of  the  filaments  of 
water  will  greatly  check  all  these  motions.  The  figure  will 
not  be  so  soon  formed  ;  it  will  not  be  so  far  overpassed  in 
the  first  oscillation  ;  the  second  oscillation  will  be  less  than 
the  first,  the  third  will  be  less  than  the  second,  and  they 
will  soon  bea)nic  insensible. 
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Kit  if  it  were  possibls  to  p^3vide  a  recuning  Ibrce,  which 
ihould  tend  U>  mise  the  waters  where  tliey  are  already 
nw^,  and  depress  them  where  they  are  subsiding,  and 
that  would  always  renew  those  actions  in  the  proper  iiin«, 
h  is  |dain  that  this  force  may  be  such  as  will  just  balance 
the  obstructions  competent  to  any  particubr  degree  of  os- 
dllatiun.  Such  a  recurring  force  would  just  maintain  this 
dvgreeofoBciUaliun.  Or  the  recurring  foi-ce  may  be  greater 
thaa  this.  It  will  therefore  increase  the  osciUations,  till 
tht  abstractions  are  also  so  much  increased  that  the  force  is 
fatiiiiced  by  them.  Or  it  may  lie  less  than  what  will  ba- 
lonoe  the  obstructions  to  the  degree  of  oscillation  excited. 
Id  this  ca9c  the  oscillation  will  decrease,  till  its  obstructions 
are  no  more  than  what  this  force  will  balance.  Or  tltis  re- 
Otrriog  force  may  come  at  improper  intervals,  sometimes 
teodiDg  to  ruse  the  waters  when  tliey  are  subnding  in  die 
coofw  of  an  oscillation,  and  depressing  them  when  they  are 
nii^.  '  Such  a  force  must  check  and  greatly  derange  the 
<adUAtioDs ;  destroying  them  altogether,  and  creating  new 
con,  which  it  will  increase  for  some  time,  and  then  check 
md destroy  them  ;  and  will  do  this  again  and  again. 

Now  there  is  such  a  recurring  force.  As  the  Earth  turm 
mmd  its  axis,  suppose  the  form  of  the  balanced  sphe- 
raid  attained  in  the  jJace  immediately  under  the  Moon. 
thoM  elevation  or  pole  is  canied  to  the  eastward  by  the 
Earth,  suppose  into  the  position  DOB  (Fig.  53.),  the 
>(D(m  being  in  the  line  O  M.  The  pole  of  the  watery 
qihcroid  is  no  longer  under  tin:  Moon.  The  Moon  will 
act  on  it  so  as  to  chuigc  its  figure,  making  it  eub- 
le  remote  quadrant  B  6  C,  and  rise  a  little  in  the 
Ba  A.  Thu3  its  pole  will  come  a  little  nearer  to 
JM.  It  is  plain,  that  if  It  is  carried  farther  east- 
t  within  certain  limits,  the  situation  of  the  parti- 
I  be  still  more  unsuitable  to  the  lunar  disturbing 
id  its  action  on  each  lo  change  its  position  wilt  be 
The  Bction  upon  thcni  alt  will  therefore  make  a 
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more  rapid  change  in  the  position  of  the  pole  of  the  dis^im^ 
ed  spheroid.  It  seems  not  impossible  that  this  pole  maj 
be  just  so  far  east — that  the  changing  forces  may  be  able 
to  cause  its  pole  to  shift  its  position  fifteen  miles  in  one  mi- 
nute. If  this  be  the  case,  the  pole  of  the  spheroid  will 
keep  precisely  at  its  present  distance  from  tlie  line  O  M. 
For,  since  it  would  shift  to  the  westward  fifteen  miles  in 
one  minute  by  the  action  of  the  Moon,  and  b  carried  fif- 
teen miles  to  tlie  eastward  in  that  time  by  the  rotation  of 
the  Earth,  the  one  motion  just  undoes  the  effect  of  the 
other.  The  pole  of  the  watery  spheroid  is  really  made  to 
^hift  fifteen  miles  to  the  westward  on  the  sur&ce  of  the 
Earth,  and  arrives  at  a  place  fifteen  miles  west  of  its  form* 
er  place  on  the  globe ;  but  this  place  of  arrival  is  carried 
fifteen  miles  to  the  eastward  ;  it  is  tlierefore  as  far  from  the 
line  O  M  as  before. 

This  may  be  illustrated  by  a  very  simple  experiment, 
where  the  operation  of  the  acting  forces  is  really  very  like 
that  of  the  lunar  disturbing  force.  Suppose  a  chain  or  flex- 
ible rope  A  B  C  E  D  F  laid  over  a  pulley,  and  hanging  down 
in  a  bight,  which  is  a  catenarean  curve,  having  the  vertical 
line  O  D  for  its  axis,  and  D  for  its  lowest  point,  which  the 
geometers  call  its  vertex.  Let  the  pulley  be  turned  veij 
slowly  round  its  axis,  in  the  direction  ABC.  The  side 
C  E  will  descend,  and  F  A  will  be  taken  up,  every  link  of 
the  diain  moving  in  the  curve  C  E  D  F  A.  Every  link  is 
in  the  vertex  D  in  its  turn,  just  as  every  portion  of  die 
ocean  is  in  the  vertex  or  pole  of  the  spheroid  in  its  turn. 
Now  let  the  pulley  turn  round  very  briskly.  The  chain 
will  be  observed  to  alter  its  figure  and  position.  O  D  will 
no  longer  be  its  axis,  nor  D  its  vertex.  It  will  now  form  a 
cur\e  C  e  d/A,  lying  to  the  left  hand  of  C  E  D  F  A.  Od 
will  be  its  new  axis,  and  d  will  be  its  vertex.  Gravity  acts 
in  lines  parallel  to  OD.  The  motions  in  the  direction  C£ 
and  FA  nearly  balance  each  other.  But  there  is  a  general 
motion  of  every  link  of  the  hanging  chain,  by  which  it  is 
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earned  from  E  towards  F.  Did  Uie  cliain  continue  in  Uic 
lijnner  caltfiiaiva,  tlits  force  could  oot  be  balanced.  It 
iSncfore  keeps  so  niuch  awry,  in  ihi;  t'ortn  C  e  dyA,  that 
ib  leodcDcy  by  gravity  to  return  to  ii£  former  position  is 
jiute()tuil  to  the  ^um  of  all  the  motions  in  the  hnks  tram 
E  btwards  i'.  And  it  wlU  shew  litis  tendency  by  return' 
■ig  to  ibat  position,  the  moment  that  the  pulley  gives  over 
UuiuDg.  The  more  rapidly  we  turn  the  pulley  round,  the 
firthcr  will  the  clutn  go  aside  before  its  attitude  become 
pnmanent. 

452.  It  surpasses  our  mathematical  knowledge  to  say  with 
precision  how  far  eastward  the  pole  of  tlie  tide  must  be  from 
ihe  line  of  tlie  Moon's  direction,  even  in  the  simple  cose 
vbich  we  have  been  considering.     The  real  state  of  things 
a  fit  more  couiplicated.  Ihe  lilarth  is  not  Huid  to  llie  ce&> 
In,  but  is  a  solid  nucleus,  on  which  flows  an  ocean  of  very 
nail  dcptli.     la  the  former  case,  a  very  moderate  motion 
of  «ach  particle  uf  water  is  sufficient  for  making  tJie  accu- 
muUtJun  in  one  place,  and  the  depression  in  another.  The 
pmides  do  little  more  than  rise  or  subside  vertically.  But, 
ID  tW  case  of  a  nucleus  covered   with  an  ocean  of  small 
drptli,  acunsiilerahle  hurixontal  motion  is  required  for  bring- 
ing  together  the  quantity  of  water  wanted  to  make  up  die 
balanced  spheroid.     The  obstructions  to  such  motion  must 
be  great,  butli  sucli  as  arise  from  the  mutual  adhesion  of 
tlic  filaments  of  water,  and  many  that  must  arise  from  fric- 
t>Hi  ifid  t)ie  inequalities  of  the  bottom,  and  the  configura- 
Uun  of  the  shores.     In  some  places,  the  force  of  the  acting 
lumiDOjies  may  be  able  to  cause  the  pole  of  the  spheroid  to 
■bill  its  xiiuation  as  fast  as  the  sudoce  moves  away,  when 
ttie  angle  M  O  B  is  :^0".     In  other  places,  this  may  not  be 
(ill  it  is  25",  and  in  anolhCT,  15"  may  be  enough ;  but,  in 
rroy  siluaiion,  tlicre  will  be  an  arrangement  (hat  will  pn>. 
duoe  thi*  permanent  position  of  the  summit.     For  wheA   ' 

obstructions  are  great,  the  balanced  form  will  jni-  bb 
nearly  atlainix] ;  and  when  this  is  the  case,  the  clumge  pro- 
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ducible  on  the  podtioii  of  a  partide  is  more  rspHj  cAeeU 
■ed,  the  fcxroes  bring  great,  or  rather  the  resistanoe  aruing 
firom  gravity  alone  being  small. 

463.  The  consequence  of  all  this  must  be,  in  the  first 
fiace^  that  that  form  which  the  ocean  would  ultimately  as- 
sume, did  the  Earth  not  turn  round  its  axis,  will  nerer  be 
attmned.     As  the  waters  approach  to  that  form,  they  are 
carried  eastward,  into  atuations  where  the  disturbing  for- 
ces tend  to  depress  them  on  one  side,  while  they  raise  them 
on  the  other,  causing  a  westerly  undulation,  which  keeps 
its  summit  at  nearly  the  same  distance  from  the  line  of  the 
acting  luminary^s  direction.     This  westerly  motion  of  the 
summit  of  the  undulation  does  not  necessarily  suppose  a 
real  transference  of  the  water  to  the  westward  at  the  ssme 
rate«     It  is  more  like  the  motion  of  ordinary  waves,  in 
which  we  see  a  bit  of  wood  or  other  light  body  merely  rise 
and  fall  without  any  sensible  motion  in  the  direction  of  the 
wave.     In  no  case  whatever  is  the  horizontal  motion  of  the 
water  nearly  equal  to  the  motion  of  the  summit  of  the 
wave.     It  resembles  an  ordinary  wave  also  in  this,  that  the 
rate  at  which  the  summit  of  the  undulation  advances  in 
any  direction  is  very  little  affected  by  the  height  of  the 
wave.     Our  knowledge,  however,  in  hydraulics  has  not  yet 
enabled  us  to  say  with  precision  what  is  the  relation  be- 
tween the  height  of  the  undulation  and  the  rate  of  its  ad- 
vance. 

454.  Thus  then  it  appears,  in  general,  that  the  summit 
of  the  tide  must  always  be  to  the  eastward  of  the  place  as- 
«gned  to  it  by  our  simple  theory,  and  that  experience 
alone  can  tell  us  how  much.  Experience  is  more  uniform 
in  this  respect  than  one  should  expect.  For  it  is  a  matter 
of  almost  universal  experience  that  it  is  veiy  nearly  19  or 
29  degrees.  In  a  few  places  it  is  less,  and  in  many  it  is 
5,  or  6,  or  7  degrees  more.  This  is  inferred  firom  observing 
tiiat  the  greatest  and  the  smallest  of  all  the  tides  do  not 
happen  on  the  very  time  of  the  syzigies  and  quadratures, 


but  Ute  Ibirti,  and  in  stimc  places,  tlio  fourlh  tide  itltr. 
Subwquent  ob«crvation  lias  shewn  thai  this  is  not  peculiar 
Id  the  »))iing  and  oeap-tidvs,  but  ubtaiiia  in  all.  At  Brest 
(Ar  «xu»p1k)  ibe  tide  which  hean  the  mark  of  the  aug- 
WtUtatiou  anaag  from  the  Moon'i  proximilj  is  not  the  tide 
NIB  *llUe  the  Moon  is  iii  pcrigeo,  but  the  third  after.  In 
itartf  the  vholo  series  of  monihly  tides  disagree  with  the 
■hmIiiiiiiiiiii  position  of  tlie  luuiiiiaiit^,  but  correspond 
■oosl  regularly  with  tiieir  positions  37  or  38  bours  belbni. 

465.  Another  obaervation  proper  for  this  place  Js,  that 
as  (fifferent  extent  ni'  sea,  and  difterent  depth  of  water,  will 
and  do  oocomoii  a  diflbrence  in  the  time  in  whieh  a  groat 
pndo lotion  may  be  propagated  aJong  it,  it  may  hap|>en  that 
Uw  tine  may  so  correspood  with  the  repetition  of  all  the 
a^latflig  forces,  that  the  action  of  to-dny  may  so  conspire 
irith  the  remaining  undulation  of  yesterday  as  to  increase 
it  by  its  reiterated  impulses,  to  a  degree  vastly  greater  than 
ha  arigiaal  quantity.  By  ^ving  gendc  impulses  in  this 
way  tn  a  pendulum,  in  the  direction  of  its  motion,  its  vi- 
hnOkma  may  be  increaried  to  tifty  times  their  first  size.  It 
is  tHA  necessary,  for  tbiK  eHect,  timt  the  return  of  the  lumi- 
nary tola  the  favourablf  situation  be  just  at  the  interval  of 
the  undtilatjon.  It  will  do  if  it  conspire  with  every  aeccmd 
or  third  or  fourth  undulation ;  or,  in  general,  if  the  amount 
efiU  eonspiring  actions  exceeds  considerably,  and  at  no 
gnai  distance  of  time,  the  amount  of  its  opposing  actions. 
lo  nutoy  cases,  this  co-operation  will  produce  periods  of 
augmentation  and  diminution,  and  many  seeming  anoma* 
hta,  w\uth  may  greatly  vary  the  phenomena. 

450.  A  (bird  observation  that  should  be  made  here  i*, 
that  n  the  obstructions  to  the  motion  of  the  ocean  arini^ 
fr«ro  tile  mutual  odheMon  and  action  of  the  filaments  are 
kwnre  to  be  so  very  grent,  we  have  reason  to  believe  that 
the  change  of  form  actually  produced  is  but  a  moderate 
part  of  what  the  force  can  uliimalcly  produce,  and  thai 
ome  of  the  oscillations  are  of^en  reiwaled.     It  is  not  pro- 
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bable  that  the  repetitions  of  the  great  undulations  ean  much 
exceed  four  or  five.  When  experiments  are  made  on  still 
water,  we  rarely  see  a  pure  undulation  repeated  so  often. 
Even  in  a  syphon  of  glass,  where  all  diffusions  of  the  uiw 
dulating  power  is  prevented,  they  are  rarely  sensible  after 
the  fifth  or  sixth.  A  gentle  smooth  undulation  on  the  sor- 
face  of  a  very  shallow  bason,  in  the  view  of  ag^tatii^  the 
whole  depth,  will  seldom  be  repeated  thrice.  This  is  the 
form  which  most  resembles  a  tide. 

457.  After  this  account  of  the  many  causes  of  deviation 
from  the  motions  assigned  by  our  theory,  many  of  wludi 
are  local,  and  reducible  to  no  rule,  it  would  seem  that  this 
theory,  which  we  have  taken  so  much  pains  to  establish,  is 
of  no  use,  except  that  of  giving  us  a  general  and  moat 
powerful  argument  for  the  universal  gravitation  of  matter. 
But  this  would  be  too  hasty  a  conclusion.  We  shall  find 
that  a  judicious  consideration  of  the  difierent  classes  of  the 
phenomena  of  the  tides  will  suggest  such  relations  among 
them,  that,  by  properly  combining  them,  we  shall  not  only 
perceive  a  very  satisfactory  agreement  with  the  theory,  but 
shall  also  be  able  to  deduce  some  important  practical  infer- 
ences from  it. 

458.  Each  of  the  difierent  modifications  of  a  tide  has  its 
own  period,  and  its  peculiar  magnitude.  Where  the  change 
made  by  the  acting  force  is  but  small,  and  the  time  in  which 
it  is  eS*ected  is  considerable,  we  may  look  for  a  considera- 
ble conformity  with  the  theory  :  but,  on  the  other  hand,  if 
the  change  to  be  produced  on  the  tide  is  very  great,  and 
the  Ume  allowed  to  the  forces  for  effecting  it  is  small,  it  is 
equally  reasonable  to  expect  sensible  deviations.  If  this 
consideration  be  judiciously  applied,  we  shall  find  a  very 
satisfactory  conformity. 

459.  Of  all  the  modifications  of  a  tide,  the  greatest,  and 
the  most  rapidly  effected,  is  the  difference  between  the  su- 
perior and  inferior  tides  of  the  same  day.  When  the  Moon 
has  great  declination,  the  superior  tide  at  Brest  may  be 


TUEORY  Of  THE  TIDES. 

tbfoe  tiiaa  greater  than  the  succeeding  or  inferior  title. 
But  the  fact  is,  that  they  differ  very  httle.  M.  de  la  Place 
am  that  they  do  not  diH'er  at  all.  We  cflnnot  Kud  out  hia 
unbority.  Having  examiaed  with  the  most  scrupulous 
alteniion  more  ihan  200  oC  the  observations  ut  Brest,  and 
RodipTort,  and  Port  L'Oricut,  and  made  the  proper  allow- 
ance for  the  distances  of  the  luminaries,  we  can  say  with 
oonSdmce,  that  this  general  assertion  of  M.  de  La  Place 
is  not  founded  on  the  observations  that  have  been  publish- 
ed; Mtd  it  does  not  agree  with  what  is  observed  in  the 
alber  porta  of  Europe.  There  is  always  observed  a  differ- 
ence, agreeing  with  theory  in  the  proportions,  and  in  the 
order  of  their  succession,  although  much  smaller.  A  very 
■fight  omijideration  will  g^ve  us  the  reason  of  the  observed 
HiBZKpancy.  It  ia  not  possible  to  make  two  immediately 
succeeding  undulations  of  inert  water  remarkably  different 
fnra  each  other.  The  great  undulation,  io  retiring,  causes 
the  water  to  htapup  to  a  greater  height  in  the  offing  ;  and 
tlua,  in  difi'ising  itself,  roust  make  the  next  undulation 
greater  on  tlie  shore.  That  this  is  the  true  account  of  the 
matter,  is  fully  proved  by  observing,  that  when  the  theo- 
retic difference  betwt-en  those  two  tides  is  very  small,  it  is 
tu  distinctly  ol)served  in  the  harbours  as  when  it  is  great. 
Tbis  is  clearly  seen  in  the  Brest  obserx'ations. 

460.  The  absolute  magnitudes  of  the  tides  are  greatly 
modified  by  local  circumstances.  In  some  harbours  there 
B  bat  a  small  difference  between  the  spring  and  neap-tides, 
and  in  other  harliuurs  it  is  very  great.  But,  in  either  case, 
tint  Mnall  daily  changes  are  observed  to  follow  the  propor- 
tim  required  by  the  theory  witli  abundant  precision.  Count- 
ed lialf  way  from  the  spring  to  the  neap-tides,  the  hourly 
fill  or  the  tide  ia  as  tlie  square  of  the  lime  from  spring- 
tide,  except  so  far  as  tliis  may  be  changed  by  the  position 
i^lbe  moon's  perigee.  In  like  manner,  (he  hourly  increase 
oCiIki  tides  aller  neap-tide  is  obaervt.-d  to  be  as  the  stfuttrci 
nTlbe  time  from  nvojvudc. 
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461.  The  priming  and  lagging  of  the  tides  comspoiida 
with  the  theory  with  such  accuracy,  that  they  seem  to  be 
calculated  from  it,  independent  of  observation.     There  ia 
nothing  that  seems  less  likely  to  be  deranged  than  this. 
Tides  which  differ  very  little  from  each  other,  either  as  to 
OMgnitude  or  time,  should  be  expected  to  follow  one  no^ 
tha:  just  as  the  farces  require.     There  is  indeed  a  de? la* 
tion,  very  general,  and  easily  accounted  for.     Then  is  ft 
small  aeoeleration  of  the  tides  from  qpring-tide  to  neap-tide. 
This  is  undoubtedly  owing  to  the  obstructionB.    A  soialkr 
tide  being  less  able  to  overcome  them,  is  sooner  brought  to 
its  maximum.    The  deviation,  however,  is  very  small,  not 
exceeding  ^  of  an  hour,  by  i^ich  the  neap-tide  antidpates 
the  theoretical  time  of  its  accomplishment     It  would  la- 
ther appear  at  first  sight  that  a  small  tide  would  take  a 
longer  time  of  gcnng  up  a  river  than  a  great  one.    And  it 
may  be  so,  although  it  be  sooner  high  water,  because  the 
defalcation  from  its  height  may  sooner  terminate  its  risaigb 
There  is  no  difference  observed  in  this  respect,  when  we 
compare  the  times  of  high  water  at  London  Bridge  and  at 
the  Buoy  of  the  Nore.    They  happen  at  the  very  saaae 
time  at  both  places,  and  therefore  the  spring-tides  and  the 
neap-tides  employ  the  same  time  in  going  up  the  river 
Thames. 

46^  This  agreement  of  observation  with  theory  is  most 
fortunate ;  and  indeed  without  it,  it  would  scarcely  have 
been  posrible  to  make  any  practical  use  of  the  theory.  But 
now,  if  we  note  the  exact  time  of  the  hi^  water  cf  spring* 
tide  for  any  harbour,  and  the  exact  position  of  the  Sun  and 
Moon  at  that  time,  we  can  easily  make  a  table  of  the  mcmth- 
ly  series  for  that  port,  by  noticing  the  difference  of  that 
time  from  our  table,  and  making  the  same  difference  for 
every  succeeding  phasis  of  the  tide. 

463.  But,  in  thus  accommodating  the  theoretical  series 
to  any  particular  place,  we  must  avoid  a  mistake  common- 
ly made  by  the  composers  of  tide-tables.    They  give  the 
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hour  of  high  water  at  full  and  change  of  the  Hood,  imd 
thift  19  considered  as  spring-tide.  But  {icrbaps  there  ti  no 
put  in  ihc  world  where  that  is  the  case.  It  is  usually  the 
third  tide  after  full  or  change  that  is  the  greatest  of  all; 
and  the  third  tide  atler  quadrature  ii,  in  moEt  places  *^ 
■aallcat  tide.  Now  it  is  with  the  greatest  tide  that  our 
iwotUy  scries  commences-  Therefore,  it  is  the  hour  of 
AU  Ude  that  is  to  be  taken  for  the  hour  of  the  harbour. 
But,  as  winds,  freslies,  and  other  causes,  may  affect  any  ia. 
dindual  tide,  we  mu6t  take  the  medium  of  many  obwm- 
CuMu;  nd  we  must  take  care  that  we  do  not  coDiuder  as  ■ 
^vii^-tide  one  which  is  indeed  the  greatest,  but  chances 
to  he  enlarged  by  being  a  [terigean  tide. 

Wben  these  precautions  are  taken,  and  the  tides  of  one 
moolhly  series  marked,  by  applying  the  same  correction  to 
fht  hours  in  the  third  column  of  Bernoulli's  table  (I.),  it 
oiQ  be  found  to  corre^xnid  wiib  observation  with  suflicient 
■tturwy  for  all  purposes.  In  making  the  comparison,  it 
«iU  be  {vopcr  to  take  the  medium  between  the  superior 
snd  bfcrior  tides  of  each  day,  both  with  respect  to  time 
ni  hngh^  because  the  diJierence  in  these  respects  between 
tfaue  ttPD  tidies  never  entirely  disappears. 

464  The  aciies  of  changes  which  depend  on  the  cbai^ 
rftbe  Moon's  declination  are  of  more  intiicate  comparison, 
biKiiMe  they  ate  so  much  implicated  with  the  changes  de- 
pBding  oa  her  dtstancc.  But  when  freed  as  much  as  pos- 
olde  from  this  comphcation,  and  then  estimated  by  the 
BieAum  between  the  superior  and  inierior  tide  of  the  same 
<liy,  tliey  agree  extremely  well  with  the  theoretical  series, 
'ftiia,  by  the  way,  enables  us  to  account  for  an  ohserva- 
««  which  would  otherwise  appear  inconastent  with  the 
'bmiy,  which  affirms  that  the  superior  tide  is  greatest  when 
■he  Moon  is  in  ihe  xenitli  (3*)2.>  The  observation  is,  tliat 
ntfac  coasts  of  France  and  Bpain  the  tides  increase  as  the 
luio  is  noarcr  to  the  »iuator-  But  il  was  sliewn  in  the 
**iB*  article,  that  in  lutitud<a  below  iQ",  the  medium  tide 
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increases  as  the  Moon^s  declination  diminishes.  BenMMilfi 
justly  observes,  that  the  tides  with  which  we  are  most  finni- 
liarly  acqiuunted,  and  from  which  we  form  all  our  ruks^ 
must  be  considered  as  derived  from  the  more  perfect  and 
regular  tide  formed  in  the  widest  part  of  the  Atlantic  ocean. 
Extensive,  however,  as  this  may  be,  it  is  too  narrow  finr  a 
complete  quadrant  of  the  spheroid.  Therefore  it  will  grow 
more  and  more  perfect  as  its  pole  advances  to  the  middle  of 
the  ocean ;  and  the  changes  which  happen  on  the  bound- 
ing coasts,  from  which  the  waters  are  drawn  on  all  ndes 
to  make  it  up,  must  be  vastly  more  irregular,  and  will  have 
but  a  partial  resemblance  to  it.  They  will,  however,  re- 
semble it  in  its  chief  features.  This  tide  bdng  formed  in 
a  considerable  southern  latitude,  it  becomes  the  more  oer- 
tain  that  the  medium  tide  will  diminish  as  the  Moon^s  de- 
clination increases.  But  although  thb  seeming  objectUNi 
occurs  on  the  French  coasts,  it  is  by  no  means  the  case  on 
ours,  or  more  to  the  north.  We  always  observe  the  so- 
perior  tide  to  exceed  the  inferior,  if  the  Moon  have  north 
declination. 

The  same  agreement  with  theory  is  observable  in  the 
solar  tides,  or  in  the  effect  of  the  Sun's  declination.  Tlus 
indeed  is  much  smaller,  but  is  observed  by  reason  of  its 
regularity.  For  although  it  is  also  complicated  with  the 
effects  of  the  Sun's  change  of  distance,  this  effect  having 
the  same  period  with  his  declination,  one  equation  may 
comprehend  them  both.  M.  Bernoulli's  observation,  just 
mentioned,  tends  to  account  for  a  very  general  opinion, 
that  the  greatest  tides  are  in  the  equinoxes.  I  obeerve, 
however,  that  this  opinion  is  far  from  being  well  establish- 
ed. Both  Sturmy  and  Coleprcss  speak  of  it  as  quite  un- 
certain, and  Wallis  and  Flamstead  reject  it  It  b  agreed 
on  all  hands,  that  our  winter  tides  exceed  the  summer 
tides.  This  is  tliought  to  confirm  that  point  of  the  theory 
which  makes  the  Sun's  accumulating  force  greater  as  his 
distance  diminishes.     I  am  doubtful  of  the  applicability  of 


iple,  because  the  approacli  of  the  Sun  causes  the 
Moon  to  recede,  and  her  recess  is  in  ihe  triplicate  ratio  of 
the  Sun's  approach.  Her  acciimulaling  force  is  iherefore 
dinuiuahed  in  the  sesquipUcate  ratio  of  the  Sun's  approach, 
and  her  tnRuence  on  the  phenomena  of  the  tides  exceeds 
the  San*». 

465,  The  clianges  arising  from  the  Moon's  cliange  of 
ifittaooe  are  more  considerable  than  those  arising  from  her 
tfaango  of  declination,  By  reason  of  their^mplication  witll 
tbow  chaises,  the  comparison  becomes  more  diilicult.  M. 
BeraouIE  did  not  find  it  so  satistactory.  They  are,  in  ge- 
nenl,  much  less  than  theory  requires.  This  is  probably 
owing  to  the  mutual  effects  of  undulations  which  should 
iXer  very  considerably,  but  follow  each  other  too  closely. 
In  M.  de  la  Place's  way  of  considering  Ihe  phenomena  (to 
be  mentioned  afterwards)  the  diminution  in  magnitude  is 
vrry  Kooountable,  and,  in  other  respects,  the  correspon- 
dence if  greatly  improved.  When  the  Moon  changes 
rithcr  in  perigeo  or  npogeo,  the  series  is  considerably  de- 
nuged,  because  the  next  spring-tide  is  formed  in  opposite 
ctmuBttances.  The  derangement  is  still  greater,  when 
ihi  Moon  is  in  perigee  or  apogee  in  the  quadratures.  The 
two  adjoining  spring-tides  should  be  r^iilar,  and  the  two 
Mip-tid«s  extremely  unctjual. 

466.  We  shall  first  consider  the  changes  produced  on 
tkc  times  of  full  sea,  and  then  t)ie  changes  in  the  height. 
M.  Bernoulli  has  computed  a  table  for  both  the  perigean 
■nd  apogetin  distance  of  the  Moon,  from  which  tl  will  ap- 
[nar  what  correction  must  be  made  on  the  regular  series. 
It  it  eonipuled  precisely  in  the  same  way  as  the  former, 
the  only  difference  being  in  the  magnitude  of  M  and  S, 
and  we  may  imitate  it  by  a  construction  similar  to  Pig.  49. 
To  make  this  table  of  easier  use,  M.  Bernoulh  introduces 
tbe  important  observation,  that  the  greatest  tide  is  not,  in 
any  part  of  the  world,  the  tide  which  happens  on  the  day 
of  new  or  full  Moon,  nor  even  the  first  or  the  second  tide 

III.  "     2  A 
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after ;  and  tliat  with  respect  to  the  Atlantic  Oceani  und  nU 
its  coasts,  it  is  very  precisely  the  third  tide-     So  thiU 
should  we  have  high  water  in  any  port  predsely  at  nooii 
on  the  full  or  change  of  the  Moon,  and  on  the  &rst  day  of 
the  month,  the  greatest  tide  happens  at  midnight  on  the 
second  day  of  the  montli,  or,  expressing  it  in  the  common 
way,  it  is  the  tide  which  happens  when  the  Moon  is  a  day 
and  a  half  old.    The  summit  of  the  spheroid  is  therefore 
19  or  20  degree^  to  the  eastward  of  the  Sun  and  Moon. 
At  this  distance,  the  tendency  of  the  accumulating  farcea 
of  the  Sun  and  Moon  to  complete  the  spheroid,  and  to 
bring  its  pole  precisely  under  them,  is  just  balanced  by 
the  tendency  of  the  waters  to  subside.     Therefore  it  is 
raised  no  higher,  nor  can  it  come  nearer  to  the  Sun  and 
Moon,  because  then  the  obliquity  of  the  force  is  diminish* 
ed,  on  which  the  changing  power  depends.     That  this  is 
the  true  cause,  appears  from  this,  that  it  is,  in  like  manner, 
on  the  third  tide  that  all  the  changes  are  perceived  which 
correspond  to  the  declination  of  the  Moon,  or  her  distance 
from  the  Earth.    Every  thing  falls  out,  therefore,  as  if  the 
luminaries  were  19  or  20  degrees  eastward  of  where  they 
are,  having  the  pole  of  the  spheroid  in  its  theoretical  ntua^ 
tion  with  respect  to  this  fictitious  situation  of  the  lumi- 
naries.    But,  in  such  a  case,  were  the  Sun  and  Moon  20^ 
farther  eastward,  they  would  pass  the  meridian  80  minutes, 
or  one  hour  and  20  minutes  later.     Therefore  1^  SO'  is 
added  to  the  hours  of  high  water  of  the  former  table,  cal- 
culated for  the  mean  distance  of  the  Moon  from  the  Earth. 
Thus,  on  the  day  of  new  Moon,  we  have  not  the  spring- 
tide, but  the  third  tide  before  it,  that  is,  the  tide  which 
sliould  happen  when  the  Moon  is  20^  west  of  the  Sun,  or 
has  the  elongation  1 60"".     This  tide,  in  our  former  taUe^ 
happens  at  U*"  02'.    Therefore  add  to  this  T  20^,  and  we 
liavc  O*"  22'  for  the  hour  of  high  water  on  the  day  of  full 
and  change  for  a  harbour  which  would  otherwise  have 
high  water  when  the  Sun  and  Moon  are  on  the  meridian. 


TlltOfir  OP  THfe  TI»G9. 


:i 


lo  ihU  way,  by  adding  1*  SO'  Ut  the  hours  of  high  traier 
to  ihe  formcf  uWe,  for  a  prailion  of  l!ie  luminarin  20°  far- 
ther west,  it  is  accommodated  to  the  obsertwl  elongation 
of  ibe  Moon,  ihiH  elongation  bein^  always  supposed  to  be 
dot  of  the  Moon  when  she  is  on  the  meridian.  Such, 
then,  b  tlie  following  table  of  M.  BerniTulIi.  The  first 
ealutnii  gives  tlie  Moon's  elongation  from  (he  Sun,  or  from 
the  oj^iosite  point  of  the  heavens,  the  Aloon  being  tlien  on 
the  twiidian.  The  second  column  gives  the  hour  of  high 
water  when  the  Moon  is  in  perigeo.  The  third  column 
(whkfa  is  the  same  with  the  former  table,  with  the  addi- 
tion of  !■  iO)  gives  the  hour  of  high  water  when  the  Moon 
ti  at  her  mean  distance.  And  the  fourth  coluuiu  g^ves  the 
hour  when  she  is  apogco. 
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467.  This  table,  though  of  considerable  service,  being 
far  preferable  to  the  usual  tide  tables,  may  sometimes  de- 
viate a  few  minutes  from  the  truth,  because  it  is  calculated 
on  the  supposition  of  the  luminaries  being  in  the  equator. 
But  when  they  have  considerable  declination,  the  horaiy 
arch  of  the  equator  may  differ  two  or  three  degrees  from 
the  elongation.  But  all  this  error  will  be  avoided  by  reck- 
oning the  high  water  from  the  time  of  the  Moon^s  south- 
ing, which  is  always  given  in  our  almanacks.  This  inter- 
val being  always  very  small  (never  12°),  the  error  i«dll  be 
insensible.  For  this  reason,  the  three  other  columns  are 
added,  expressing  the  priming  of  the  tides  on  the  Moon^s 
southing. 

To  accommodate  this  table  to  all  the  changes  of  the 
Moon^s  declination  would  require  more  calculation  than 
all  the  rest.  We  shall  come  near  enough  to  the  truth,  if 
we  lessen  the  minutes  in  three  hour-columns  i^^  when  the 
Moon  is  in  the  equator,  and  increase  them  as  much  when 
she  is  in  the  tropic,  and  if  we  use  them  as  they  stand  when 
she  is  in  a  middle  situation. 

4G8.  All  that  remains  now,  is  to  adjust  this  general  table 
to  the  peculiar  situation  of  the  port.  Therefore,  collect 
a  great  number  of  observations  of  the  hour  of  high  water 
at  full  or  change  of  the  Moon.  In  making  this  collection, 
note  particularly  the  hour  on  those  days  where  the  Moon 
is  new  or  full  precisely  at  noon ;  for  this  is  the  circum- 
stance necessary  for  the  truth  of  the  elongations  in  the  first 
column  of  the  table.  A  small  equation  is  necessary  for 
correcting  the  observed  hour  of  high  water,  when  the  sy- 
zigy  is  not  at  noon,  because,  in  tliis  situation  of  the  lumi- 
naries, the  tide  lags  35'  behind  the  Sun  in  a  day,  as  has 
been  already  shewn.  Suppose  the  lagging  to  be  86%  this 
will  make  the  equation  li  minute  for  every  hour  that  the 
full  or  change  has  happened  before  or  after  the  noon  of 
that  day.  This  correction  must  be  added  to  the  observed 
hour  of  high  water,  if  the  syzigy  was  before  noon,  ancLsub^ 
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tnctcd,  if  it  hapjieiied  after  Doon.  Or,  if  we  choose  to  re- 
fer the  lime  of  high  water  to  the  Moon's  southing,  which, 
in  gmcral,  is  the  best  method,  we  must  add  a  minule  to 
the  time  between  high  »ea  and  ihe  Moon's  southing  for 
«cry  hour  and  lialf  that  the  sjzigy  is  before  noon,  and 
nbtract  it  if  the  syirigy  has  happened  after  noon.  For  the 
tides  prime  15'  in  24  hours. 

469.  Having  thus  obt^ied  the  medium  hour  of  high 
water  at  full  and  change  of  the  Moon,  note  the  difference 
of  it  from  O'  ^\  and  then  nialte  a  table  peculiar  to  tliat 
port,  by  adding  that  difference  lo  all  the  numbers  of  the 
colunuu.  The  numbers  of  this  table  will  give  the  hour 
of  high  water  corresponding  to  the  Moon's  elongation  for 
•By  other  time.  It  will,  however,  always  be  more  exact 
Id  refer  the  time  to  the  Moon^s  southing,  for  the  reaaons 
■ImKly  given. 

By  means  of  a  table  so  constructed,  the  time  of  high 
water  for  the  port,  in  any  day  of  the  luna^on,  may  be  de- 
pnided  on  to  less  than  a  quarter  of  an  hour,  except  the 
cmrae  of  tlie  tides  be  disturbed  by  winds  or  freshes,  which 
admit  of  no  calculation.  It  might  be  brought  nearer  by 
a  much  more  intricate  calculation  ;  but  this  is  altogether 
on  account  of  the  irregularities  arising  from 


It  a  not  so  easy  to  State,  in  a  series,  the  variations  which 
happen  in  the  Iwighl  of  the  tides  by  the  Moon's  change  of 
dittance,  although  they  are  grcatcT  than  the  varialtons  in 
dw  Hmti  of  high  water.  This  is  partly  owing  to  the  great 
diffiwcnoes  which  obtain  in  difl'ercnt  ports  between  the 
greatest  and  smallest  uJes,  and  partly  from  the  difficulty 
of  exprcu'mg  the  variations  in  such  a  manner  as  to  be  easi- 
ly understood  by  those  nut  familiar  with  mathematical 
cotDpUtalions.  M.  Itemoulli,  whom  we  have  followed  in 
■U  the  practical  inferences  from  tlie  physical  theory,  ima- 
^axa,  that,  notwithstanding  the  great  diaproportioii  between 
Uic  spring  and  neap  tides  in  dilfcreiii   places,  and  the  dif- 
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ferences  in  the  absolute  magnitude  of  both,  the  middle 
between  the  highest  and  lowest  daily  variatioDs  will  pto* 
ceed  in  very  nearly  the  same  way  as  in  theory.  Instead, 
therefore,  of  taking  the  values  of  M  and  S,  as  already  est»- 
blishedi  he  takes  the  height  of  spring  and  neap  Udai  in 
any  port  as  indicative  of  M  +  S  and  M  —  S  for  that  port 
Calling  the  spring-tide  A,  and  the  neap-tide  B»  thia  pn»- 

ciple  will  give  us  M  =  — 5 — ,  and  S  =  — 5 — .     From 

these  values  of  M  and  S  he  computes  their  apogean  and 
perigean  values,  and  then  constructs  columns  of  the  height 
of  the  tides,  apogean  and  perigean,  in  the  same  manner  as 
the  column  already  computed  for  the  mean  distance  of  the 
Moon,  that  is,  computing  the  parts  fn/*and  a^*  (Fig.  49.) 
of  the  whole  tide  m  a  separately.  The  same  may  be  done 
with  incomparably  less  trouble  by  our  constructioa  (Kg. 

49.)  and  the  values  M  =  — 5 — ,  and  S  =  — ^^ . 

Although  this  is  undoubtedly  an  approximation,  and 
perhaps  all  the  accuracy  that  is  attainable,  it  is  not  finind- 
ed  on  exact  physical  principles.  The  local  proportion  of 
A  to  B  depends  on  circumstances  peculiar  to  the  place ; 
and  we  have  no  assurance  that  the  changes  of  the  lunar 
force  will  operate  in  the  same  manner  and  proportion  on 
these  two  quantities,  however  different  We  are  certain 
that  it  will  not ;  otherwise  the  proportion  of  spring  and 
neap  tides  would  be  the  same  in  all  harbours,  however 
much  the  springs  may  differ  in  different  harbours.  I  com- 
pared BemouIli'*$  apogean  and  perigean  tides,  in  about 
twenty  instances,  selected  from  the  observations  at  Brest 
and  St  Maloy  where  the  absolute  quantities  differ  very 
widely.  I  was  surprised,  but  not  convinced,  by  the  agree- 
ment I  am  however  persuaded,  that  the  table  is  of  great 
use,  and  have  therefore  inserted  it,  as  a  model  by  wliidi  a 
table  may  easily  be  computed  for  any  harbour,  employing 
the  spring-tide  and  neap-tide  heights  observed  in  that  luur* 
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botff  »  the  A  and  B  for  that  place.  The  table  is,  like 
tht  kst^  afioottunodated  to  the  easterly  deviation  of  the 
pole  of  the  apheroid  from  its  theoretical  place. 

It  i^pfieflfB,  from  this  table»  and  also  from  the  last,  that 
the  Beapi^es  are  much  more  affected  by  the  inequalities 
of  the  Ibi^ees  than  the  springotides  are.  The  neap-tides 
Tiry  lirom  70  to  ISS,  and  the  springs  from  90  to  114. 
The  fittt  is  almost  doubled,  the  last  is  augmented  but  i- 
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HEIGHT  OF  THE  TIDE. 


(  in  Ferigeo. 


0|0,0&A+0,15B 

10  1,10A+0,04B 

aO  1,14A+0,CK)B 

30  1,10A+0,04B 

40  0,99A+0,15B 

WI0«85A+0,3SB 

60N),67A+0,58B 

70  0,46A+0,75B 

80  0,28A+0,96B 

90  0,13A+1,13B 

100  0,03A+1,24B 

110  0500A+1,28B 

ISO  0,03 A+1,24B 

180  0,13A+1,13B 

140  0,28A+0,96B 

150  0,46A+0,75B 

160  0,67A+0,53B 

170  0,85  A+0,32B 

180  0^A+0,15B 


dinM.Dist. 


0,88A+0,12B 
0,97A+0,03B 
1,00A+0,00B 
0,97A+0,03B 
0,88A+0,12B 
0,75A+0,25B 
0,59A+0,41B 
0,41A+0,59B 
0,25A+0,75B 
0,12A+0,88B 
0,03A+0,97B 
0,00A+1,00B 
0,0SA+0,97B 
0,12A+0,88B 
0,2SA+0,75B 
0,41A+0,59B 
0,59A+0,41B 
0,75A+(),25B 
0,88A+0,12J{ 


d  in  Apogeo. 


0,79A+0,08B 
0,87A+0,02B 
0,90A+0,00B 
0,87A+0,02B 
0,79A+0,08B 
0,68A+0,18B 
0,63A+0,29B 
0,37A+0,41B 
0,23A+0,63B 
0,llA+0,f;2B 
0,U3A+0,68B 
0,00A+0,70B 
0,03A+0,68B 
0,11A+0,62B 
0,23A+0,53B 
0,37A+0,41B 

0,53A+0,29li 
,0,68A+0,1HB 

0,79A +0,081^ 


470.  The  attentive  reader  cannot  but  observe,  that  all 
the  tables  of  this  monthly  construction  niubt  be  very  ini- 
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perfect,  although  their  numbers  are  perfectly  accurate,  be* 
cause,  in  the  course  of  a  month,  the  declination  and  dis- 
tance of  the  Moon  vary,  independently  of  each  others 
through  all  their  possible  magnitudes.  The  last  table  is 
the  only  one  that  is  immediately  applicable,  by  interpola- 
tion. It  would  require  several  tables  of  the  same  extent, 
to  give  us  a  set  of  equations,  to  be  applied  to  the  original 
table  of  art.  418 ;  and  the  computation  would  become  as 
troublesome  for  this  approximation  as  the  calculation  of 
the  exact  value,  taking  in  every  circumstance  that  can  af- 
fect the  question.  For  that  calculation  requires  only  the 
computation  of  two  right-angled  spherical  triangles,  pre- 
paratory to  the  calculation  of  the  place  of  high  water.  But, 
with  all  these  imperfections,  M.  Bernoulli's  second  table  is 
much  more  exact  than  any  tide-table  yet  published. 


Such,  on  the  whole,  is  the  information  furnished  by  the 
doctrine  of  universal  gravitation  concerning  this  curious 
and  important  phenomenon.  It  is  undoubtedly  the  most 
irrefragable  argument  that  we  have  for  the  truth  and  uni- 
versality of  this  doctrine,  and,  at  the  same  time,  for  the 
simplicity  of  the  whole  constitution  of  the  solar  system,  so 
far  as  it  can  be  considered  mechanically.  No  new  princi- 
ple is  required  for  an  operation  of  nature  so  unlike  all  the 
other  phenomena  in  the  system. 

471 .  The  method  which  I  have  followed  in  the  investi- 
gation is  nearly  the  same  with  that  of  its  illustrious  dis- 
coverer. We  have  contented  ourselves  with  shewing  va- 
rious serieses  of  phenomena,  which  tally  so  well  with  the 
legitimate  consequences  of  the  theory,  that  the  real  source 
of  them  can  no  longer  be  doubted.  And,  notwithstanding 
the  various  deviations  from  those  consequences,  arising 
from  other  circumstances,  we  have  obtained  practical  rules, 
which  make  the  mariner  pretty  well  ac(]uainted  with  the 
general  course  of  the  tides,  sufficiently  to  put  him  on  his 
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igainst  the  dangerB  he  runs  by  grossly  mistaking 
I,  and  even  enabling  liim  to  take  advantage  of  the 
9e  of  the  tide  for  prosecuting  hia  voyage.  I^till,  hnw- 
CT«,  a  great  store  of  local  inroruiation  is  necessary.  For 
ihcro  are  some  parts  of  the  ocean,  where  the  tides  follow 
an  onb-r  extremely  unlike  what  we  have  described.  The 
har  of  Tooquin  in  China  is  one  of  the  most  remarkable ; 
ud  its  diief  peculiarity  consists  in  its  having  but  one  tide 
Llunar  day.  It  has  been  traced  to  the  co-operation 
eat  tides,  coming  from  opposite  quarters,  with 
hours  of  difference  in  the  time  of  high  water, 
of  which  IB,  that  the  compound  tide  is  the  ex- 
cess of  the  one  above  the  other,  forming  a  high  water  when 
ibraURi  of  both  their  elevations  is  a  maximum.  Dr  Hal- 
ley  has  given  a  very  distinct  explanation  of  this  tide  in 
No  Itii  of  the  Philosophical  Transactions. 

478.  A  very  different  method  of  investigating  this  and 
a  nnilar  phenomenon  has  been  employed  by  the  eminent 
mathemattcians,  D'Alembert  and  La  Place,  in  which  M. 
La  Place,  who  makes  this  a  chief  article  of  his  Mechanique 
Celntc,  deduces  the  whole  directly  from  the  interior  me- 
cfaannm  of  hydroslatical  undulations.  His  main  inferences 
perfectly  agree  with  those  already  delivered.  The  method 
of  Newton  and  Bernoulli  has  been  preferred  here,  because 
by  Utis  means  the  connexion  with  the  operation  of  univer- 
tal  gntvitntion  is  much  better  kept  in  sight.  At  the  same 
time,  Iji  I'lace's  method  allows  us,  in  some  cases,  to  state 
the  individual  fact  more  nearly  as  it  occurs,  without  con- 
■idcrinjr  ii  ns  the  modification  of  another  fact  that  is  more 
^neral.  Hut  ii  may  be  doubled,  whether  La  Place  has 
explained  all  Ihe  variety  of  phenomena.  His  whole  appli- 
catton  is  limited  by  the  data  which  furnish  the  arbitrary 
qmntittcs  in  his  e<pialions.  These  being  wholly  taken 
fniai  the  observations  in  the  ports  of  France  and  Spain,  it 
may  be  questioned  whether  the  sameness,  arising  from  the 
latiUide  being  so  near  15°,  may  not  have  made  the  inge- 
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nious  iiuth(»r  simplifj  too  much  his  theory.  He  oonnden 
eyery  class  of  phenomena  as  operations  completely  acoom* 
plished,  and  the  ocean  at  the  end  of  the  action  of  any  one 
of  the  forces  as  in  a  state  of  indifference,  ready  for  the  free 
operation  of  the  next.  For  example,  the  equality  of  the 
superior  and  inferior  tides  of  one  day  is  deduced  by  La 
Place  immediately  from  the  circumstance  of  the  ocean 
being  of  nearly  an  uniform  depth,  saying  that  the  small 
inferior  tide  is  not  affected  by  the  greatness  of  the  preced- 
ing superior  tide,  because  the  obstructions  are  such,  that 
all  motions  cease  very  soon,  almost  immediately  afler  the 
force  has  ceased  to  act  We  doubt  the  truth  of  the  near 
uniformity  of  the  sea^s  depth.  The  unequal  tides  are  con- 
fessedly most  remarkable  on  the  coasts,  where  the  depth  U 
the  most  unequal.  The  other  principle,  that  the  effects  of 
primitive  motions  are  all  obliterated,  and  therefore  ew&ry 
tide  is  the  completed  operation  of  the  present  force,  is  still 
more  questionable.  It  is  well  known,  that  the  roll  of  a 
great  storm  in  the  Bay  of  Biscay  is  very  sensible  indeed 
for  three  days.  Of  this  we  Iiave  had  repeated  experience. 
The  syperficial  a^tation  of  a  storm  (for  it  is  no  more)  is 
nothing  in  comparison  with  the  huge  uniform  momentum 
of  a  tide ;  and  the  greatest  storm,  even  while  it  blows,  can- 
not raise  the  tide  three  feet ;  nor  does  it  even  then  change 
what  we  have  called  the  tide,  the  difference  between  high 
and  low  water ;  it  ruses  or  keeps  down  both  nearly  alike. 
Besides,  how  will  M.  La  Place  account  for  the  undeniable 
duration  of  every  tide-wave  on  the  coasts  of  Europe  and 
America  for  a  day  and  a  half?  There  can  be  no  questioD 
about  this,  because  the  course  of  the  tides  during  a  month 
is  precisely  conformable  to  it.  The  tide  which  bears  the 
mark  of  the  perigcan  tide  is  not  the  tide  which  hi^ipent 
when  the  Moon  is  in  perigeo,  but  the  third  following  that 
tide,  just  as  in  the  springs  and  neaps.  In  like  manner,  it 
is  observed  at  Brest,  without  one  exception  for  six  years, 
that  the  morning  or  superior  tide  at  new  Moon  is  smaller 
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tide  in  suminer.  In  winter  it  is  the  con- 
Inj,  vMf  bowevar,  with  such  conslxnt  Accuracy.  Now, 
itAould  be  just  the  contrary,  if  the  tides  observed  were 
Ihi  tides  oorrespondtng  with  the  tlien  stale  of  the  forces. 
fiui  th^  are  not.  They  are  tides  currespoading  with  the 
Ma  of  tb«  forces  thirty-six  hours  before.  (See  Mem. 
isad.  Par.  17S0,  p.  20ti,  duodecimo.)  It  is  the  same  at 
Ibll  Bloon,  that  is,  the  moruing  tide  in  summer  is  less  than 
ibttevcrnDg  tide.  The  tuoming  tide  con-espondtDg  to  the 
thm  stale  of  the  forces  is  what  we  have  called  an  inferior 
tide,  the  Moon  being  then  under  the  horizon,  with  south 
dtcSnatian.  The  tide,  therefore,  should  be  greater  than 
ifaiiabeequeDt  or  eveniog,  or  superior  tide.  Dut,  Hke  the 
iHttxmple,  it  is  the  tide  corresponding  to  the  forces  in 
MiDIi  thJrty-«x  hours  before.  Can  we  now  deny  that 
dw  present  state  of  the  waters  is  aifected  by  the  action  of 
fants  whjcl)  have  ceased  thirty-six  hours  ago  P  and  if  this 
iKgtantedf  it  is  impossible  that  two  tides  immediately  suc- 
ending  can  be  very  uuequoL  The  contrary  can  be  shewn 
UtB  experimeDt  perfectly  resembling  the  great  tides  of 
tlitDccan.  An  apparatus,  made  for  exhibiting  the  appcor- 
anoe  of  a  reciprotiating  spring,  was  so  constructed,  that 
ooeoTits  runnings  was  very  sudden  and  copious,  and  the 
next  «u  uiixierate  and  slow.  It  emptied  into  a  small  ba- 
HD,  wbich  communicated  with  a  long  and  narrow  horizon- 
loldunncl,  shut  at  the  far  end,  the  basin  emptying  itself 
fayttiaall  apout  on  the  opposite  side.  Thus,  two  very 
uotqiuil  floods  and  ebbs  presented  themselves  at  the  mouth 
of  this  channel,  and  sent  a  wave  along  it,  which,  at  the 
Sm,  was  very  unequal.  But  when  it  was  mixed  with  the 
relunung  wave  from  the  i'ar  end,  they  were  soon  brought 
to  an  apparent  e<]uahty.  The  experiment  appearing  cu- 
riottG,  it  was  prosecuted,  by  various  changes  of  t)ie  appa- 
ratus ;  and  several  effects  tended  very  much  to  explain 
SMUC  uf  tile  more  singular  appearances  uf  the  tides.  There 
ia  lui  example  uf  the  cunlinuuiice  uf  former  imprc^aigoa  in 
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the  tides  among  the  western  islands  of  Scotland,  that  ooo- 
siderablj  resembles  the  Ude  on  the  bar  of  Tonquin.  The 
general  course  of  the  flood  round  the  little  island  of  Ber- 
neray  is  N.E.  and  that  of  the  ebb  is  S.W.  But  at  a  cer- 
tain time  in  the  spring,  both  flood  and  ebb  run  N.E.  du- 
ring twelve  hours,  and  the  next  flood  and  ebb  run  S.W. 
The  contrary  happens  in  autumn.  Yet  in  the  offing,  the 
flood  and  ebb  hold  their  regular  courses.  This  greatly 
resembles  the  tide  at  Tonquin,  and  also  the  Gredan  £u- 
ripus. 

473.  The  reader  will  recollect  that  we  stated,  as  our 
opinion,  that,  in  consequence  of  the  inertia  of  the  watery 
the  pole  of  the  ocean  is  alwlsiys  to  the  eastward  of  its  theo« 
retical  place.     For  which  reason,  the  figure  actually  at- 
tained by  the  ocean  is  not  a  figure  of  equilibration.     Did 
the  Earth  stand  still,  it  would  soon  be  brought  to  its  pro- 
per position,  and  completed  to  its  due  form.     Therefoi«» 
there  is  always  a  motion  towards  this  completion  ;  and  i^^ 
motion  is  obstructed.     Hence  we  apprehend,  that  tl"^^ 
must  be  a  perpetual  current  of  the  waters,  especiall^^^  ^^ 
the  tropical  regions,  from  east  to  west     We  cannot       ^ 
how  this  can  be  avoided ;  and  we  think  that  it  is  t=^    ^^ 
blished  as  a  matter  of  nautical  observation.     In  regarc:^^ 
the  Atlantic,  this  seems  to  be  a  general  opinion  of  the        ^ 
vigators.     There  are  two  very  excellent  journals  of  r^-^" 
ages  from  Stockholm  to  China,  by  Captain  Eckhart,.      ^ 
which  there  is  a  very  frequent  comparison  of  the  shiy 
reckoning  with   lunar  observations  and   the   arrivals   oo 
known  coasts,  from  which  we  cannot  help  inferring  the 
same  general  current  in  the  Indian  and  Ethiopic  seas.     It 
seems,  therefore,  to  obtain  over  the  whole.     The  part  of 
this  current  which  diffuses  itself  into  the  Atlantic  is  but 
small,  it  having  a  freer  passage  straight  forward.    But  the 
part  thus  difl'used  produces  the  gulf  stream,  in  its  way 
along  the  American  coasts,  and  escapes  round  the  north 
capes  of  Europe  and  America.    In  all  probability,  a  south* 
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t  may  be  observed  in  ihe  straits '  which  separate 
[om  the  Asiatic  continent.  The  wliote  amount 
ion  cannot  be  considerable,  but  there  must  be 
e  be  two  circumpolar  eonimunications  between 
Utern  and  western  divisions  of  the  ocean.  With- 
t  must  be  reduced  to  a  reciprocating  motion  too 
K  investigatiun. 

i  BQottier  ctrcumstAnce  which  seema  to 
I  our  confidence  in  the  reahty  of  this  westerly 
f  the  ocean.  The  gravity  of  the  waters  being 
hnshed  in  conjunction  and  opposition  than  it  is 
I  in  quadrature  with  the  acting  luminary,  each 
ids  to  recede  from  the  centre,  and  tii  describe  a 
le,  employing  a  longer  time.  Here  is  a  tenden- 
I  relative  motion  westerly.  Water,  being 
Ktly  fluid,  will  obey  tliis  tendency,  and  in  lime 
h  >  motion,  were  it  not  obstructed  by  solid  ob- 
lut  some  efiect  must  remain,  too  intricate  to  ad- 

:ulation,  and  perhaps  not  ultimately  sensible. 

jfthe  height  of  the  atmosphere  be  equal  to  the  ra- 

p  Earth,  wc  shall  have  a  tide  in  the  air  doAble  of 

■  ocean.     When  all  the  affecting  circumstances 

:,  it  appears  that  an  ebb  and  flood  of  the  at- 

lay  differ  in  elevation  about  ISO  feet.     This 

i^ble  by  affecting  the  barometer.     True,  the 

Kthe  mercury  is  also  diminished,  but  not  so  much 

B  more  distant  air.     But  the  height  of  the  at- 

t  too  Email  to  give  rise  to  any  such  tides.    They 

Inbly  exceed  tiiosc  of  the  ocean,  and  this  cannot 

bheightof  the  mercury  in  the  barometer  ^^^  of 

Professor  Toaldo  at  Padua  kept  a  reginter  o(  the 

mfot  more  tlian  thirty  years.     He  has  added  into 

[I  the  mercurial  heights  observed  at  new  Moon. 

I  was  made  of  all  tlie  heights  observed  in  the 

t>t  tmoUier  of  the  perigean  ;  and  another  of  the 

[hta,  Sic.  &c.     He  thinks  that  differences  were 
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(Observed  in  those  sums  suffident  far  prcmng  the  aoeumii'- 
huion  and  compression  of  the  air  by  its  unequal  gfaTitiF 
tion  to  the  Moon.  Thus  the  apogean  hagfats  exceeded  the 
perigean  by  14  inches.  The  heights  in  syzigy  exceeded 
those  in  quadrature  by  11  inches.  (See  Mem.  Berlin, 
1777,  and  a  book  expressly  on  the  subject) 

But  there  is  another  effect  of  this  disturUng  (brce  whidi 
may  be  much  more  sensible,  namely,  the  general  westeily 
current  of  the  air,  M.  D^Alembert  has  investigated  tins 
with  great  care,  and  singular  address,  and  has  proved  that 
there  must  be  a  westerly  current  in  the  tropical  regions,  at 
the  rate  of  eight  feet  nearly  in  a  second.  This  is  a  very 
adequate  cause  of  the  trade  winds  which  are  observed  be- 
tween  the  tropics.  It  is  indeed  increased  by  the  rareftc- 
tion  of  the  air  occasioned  by  the  heat  of  the  Sun,  which 
expands  the  air  heated  by  the  ground,  and  it  is  both  raised 
and  diffused  latterly.  When  the  Sun  has  passed  the  meri- 
dian a  proper  number  of  degrees,  the  air  must  now  cool, 
and  in  cooling  contract  behind  the  Sun.  Air  from  the  east 
comes  in  greater  abundance  than  from  any  other  quarter 
to  supply  the  vacancy. 

476.  The  disk  of  Jupite^/when  viewed  through  a  good 
telescope,  is  distinguishable  into  zones,  like  a  bit  of  striped 
satin.  These  zones,  or  belts,  are  of  changeable  breadth 
and  position,  but  all  parallel  to  his  equator.  Theiefiire 
they  are  not  attached  to  his  surface,  but  float  on  it,  as  clouds 
float  on  our  atmosphere.  This  Earth  will  have  somenrfiat 
of  this  appearance,  if  viewed  from  the  Moon ;  for  ^each  di- 
mate  has  a  state  of  the  sky  peculiar  in  some  degree  to  it- 
self in  this  respect,  and  there  must  be  a  sort  of  sameness 
in  one  climate  all  round  the  globe.  A  series  of  observa- 
tions on  a  particular  spot  of  Jupiter's  surface  demonstrate 
his  rotation  in  ff*  5&.  Spots  have  been  observed  in  the 
belts,  which  have  lasted  so  long  as  to  make  several  revolu- 
tions before  they  were  effaced.  They  appear  to  require  a 
minute  or  two  more  for  their  rotation,  and  therefore  have  a 
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moUon  relative  to  the  firm  surface  of  the  planet. 
TIm,  liowover,  cunnnt  be  tlepeiidetl  on  from  ihe  lime  of 
tlieiir  roUtioa.  But  a  few  ob§ervations  have  been  had  of 
ipti  tn  Ibe  vidoily  of  the  fixed  spot  of  his  surface,  uiid 
tme  the  rck^ve  motion  weetwurd  wns  distinctly  obGerved. 
M.  Scbroeter  at  Manheiin  has  observed  the  atmosphere  of 
Ivffer  with  great  care,  and  finds  it  exceedingly  variable  ; 
ui  apoiB  are  observed  to  change  their  ettuationn  with 
'^■mni'g  rapidity,  with  great  irregularity,  hut  most  Rnm- 
nooly  eastward.  The  motions  and  changes  are  so  rapid, 
tsd  so  extensive,  thai  we  can  scarcely  consider  them  as  the 
tnnsference  of  matter  from  one  place  to  another.  They 
n»re  resenihle  the  changes  whidi  happen  in  our  atmo- 
tphere,  which  are  sometimes  progressive,  over  a  great  trad 
rfthe  country.  The  storm  in  1772  was  felt  from  Sberia 
to  America  in  succession.  The  gale  blew  from  the  west, 
but  the  chemical  operation  which  produced  it  was  in  the 
c^^wsiie  direction,  being  first  observed  in  Siberia.  Three 
itjt  afterward,  it  was  felt  at  St  Petersburg ;  two  days  after 
^^  at  Bcrhn ;  two  days  more,  it  was  in  Britain  ;  and  se- 
in  days  after,  it  was  felt  in  North  America.  Here  then, 
while  a  ipectator  ott  tlic  earth  saw  the  clouds  moving  to 
"WeHtward,a  spectator  in  the  Moon  would  see  the  change 
^tfptttsaoe  proceed  from  east  to  west.  The  motions  in 
"•KiDosiAere  of  Jupiter  must  be  verj-  complicated,  be- 
EWiethey  are  the  joint  operation  of  four  satellites.  The 
"wquaiily  of  gravitation  to  the  first  satellite  must  be  very 
gnL  And  as  each  satellite  produces  a  peculiar  tide,  the 
nofoination  of  all  their  actions  must  be  very  intricate. 
We  can  draw  no  conclusions  from  llie  variable  spots,  be- 
enne  llictr  change  of  place  is  no  proof  of  the  actual  trans- 
fcfmce  of  matter. 

Such  a  relative  motion  in  our  atmosphere  and  in  the 
ocBsn  may  affect  the  rotatioD,  retarding  it,  by  its  action  on 
the  easteni  suH'nce  ni'  every  obstacle.  Yet  no  chango  is 
ohacrwd.     I'he  year,  and  the  periods  of  tlw  planets,  m  the 


S84  PHYSICAL  ASTlOKOmr. 

I 

time  of  Ptolemy,  are  the  same  with  the  present,  that  is^ 
ooDtain  the  same  number  of  rotations  of  the  Earth.  Per- 
haps a  compensation  is  muntained  by  this  means  for  the 
acceleration  that  should  arise  from  the  transference  of  schI 
from  the  high  land  to  the  bottom  of  the  sea,  where  it  is 
moving  round  the  axis  with  diminished  velocity. 

477.  With  this  we  conclude  our  account  of  physical  as- 
tronomy— a  department  of  natural  philosophy  which  should 
ever  be  cherished  with  peculiar  affection  by  all  who  think 
well  of  human  nature.  There  is  none  in  which  the  access 
to  well-founded  knowledge  seems  so  effectually  barred 
against  us ;  and  yet  there  is  none  in  which  we  have  made 
such  unquestionable  progress — none  in  which  we  have  ac- 
quired knowledge  so  uncontrovcrtibly  supported,  or  so 
complete.  How  much  therefore  are  we  indebted  to  the 
man  who  laid  the  magnificent  scene  open  to  our  view,  and 
who  gave  us  the  optics  by  which  we  can  examine  its  most 
extensive  and  its  most  minute  parts !  For  Newton  not 
only  taught  us  all  that  we  know  of  die  celestial  mechanism, 
but  also  gave  us  tlie  mathematics,  without  which  it  would 
have  remained  unseen.  . 

"  Tu  Pater  ct  rerum  Inventor.     Tu  patria  nobis 
''  Suppeditas  pnecepta,  tuisque  ex  inclyte  chartit 
"  Floriferis  ut  apes  in  saltibus  omnia  libant, 
''  Omnia  nos  itidem  depascimur  aurea  dicta 
"  Aurea,  perpetua  semper  dignissima  vita." 

Lucretius. 

For  surely  the  lessons  are  precious  by  which  we  are  taught 
a  system  of  doctrine  which  cannot  be  shaken,  or  share  that 
fluctuation  which  has  attached  to  all  other  speculations  of 
curious  man.  But  this  cannot  fail  us,  because  it  is  nothing 
but  a  well-ordered  narration  of  facts,  presenting  the  events 
of  nature  to  us  in  a  way  that  at  once  points  out  their  sub- 
ordination, and  most  of  their  relations.  While  the  magni- 
ficence of  the  objects  commands  respect,  and  perhaps 
our  opinion  of  the  excellence  of  human  reason  as  hig^ 
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>Ie,  we  sbould  ever  keep  in  mind  that  Newton's 
was  owing  to  Uie  modesty  of  his  procedure.  He 
i\j  resisted  all  disposition  to  speculate  beyond 
tfa*  ptorince  of  human  intellect,  conscious  that  oil  attain- 
tfaieieieiice  consisted  in  carefully  ascertaining  nature's  own 
km,  and  tlutt  every  attempt  to  explain  an  ultimat,c  law  of 
■Kare,  by  assigning  its  cause,  is  absurd  in  itself,  against 
iheickoowledged  laws  of  judgment,  and  will  most  certain- 
ly kid  to  error.  It  is  only  by  following  his  example  tlist 
wecan  hope  for  his  success. 

It  IB  surely  another  great  recommendation  of  this  branch 
rfnaturnl  philosophy,  that  it  is  so  ^mple.  One  single 
igeot,  a  force  decreasing  as  the  square  of  the  distance  in- 
mm,  13,  of  itself,  adequate  to  the  production  of  all  the 
tocnmients  of  the  solar  system.  If  the  direction  of  the  pro- 
JtOioQ  do  not  pass  through  ihe  centre  of  gravity,  the  body 
inll  not  only  describe  an  ellipse  roimd  the  central  body, 
W  lill  also  turn  roimd  its  axis.  By  this  rotation,  the  bo- 
aj  «iQ  alter  its  form ;  but  the  same  poner  enables  it  to  as- 
Winta  new  form,  which  is  perfectly  symmetrica],  and  is 
pmnncnl.  This  new  form,  however,  in  consequence  of 
(hptmirasality  of  gravitation,  induces  a  new  motion  in  the 
Wj,  by  which  the  position  of  the  axis  is  slowly  changetl, 
■M  the  whole  host  of  heaven  appears  to  tlie  inhabitants  of 
«■  Garth  lo  change  its  motions.  Lastly,  if  the  revolving 
fuart  luive  a  covering  of  fluid  matter,  this  fluid  is  thrown 
iBlo certun  regular  undulations,  which  ore  produced  and 
Bo£fiod  by  the  same  power. 

TOus  we  see  that,  by  following  the  simple  fact  of  gravl- 
ttwft  of  every  particle  of  matter  to  every  other  particle, 
WMgh  all  its  complications,  we  find  an  explanation  of  al- 
nwi  every  phenomenon  of  tlie  solar  system  that  has  en- 
PS>^  lite  attention  of  the  philosopher,  and  that  nothing 
■MTD  i*  needed  for  the  explanation.  Till  wc  were  put  on 
ioB  trade  of  investigation,  these  different  movements  were 
fiw^;  and,  tieing  so  extremely  unlike,  the  wit  erf' 
Ul.  SO 
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man  woald  certoiiUy  have  attempted  to  eKfJoln  ibeo  h 
causes  e<]ua]ly  dissimiiar.  The  happy  dclection  of  t 
itniple  and  easily-observed  principle,  by  a  genius  quilifi« 
for  ttiUowing  it  into  its  various  consequences,  hu  freed  a 
from  numberless  errors,  into  wliich  we  must  have  on 
nually  run  while  pertinadously  proceeding  in  an  iniplif 
path.  But  this  detection  has  not  merely  saved  us  fnuBO! 
ors,  but,  which  is  most  remarkable,  it  lias  brought  iU 
view  many  circumstances  in  the  phenomena  themidv^i^ 
many  peculiarities  of  motion,  which  would  never  hare  bf* 
observed  by  us,  bad  we  not  gotten  this  monitor,  poiiuiai 
out  to  us  where  to  look  for  peculiarities.  We  should  BOI 
have  been  able  to  predict,  wilh  such  wonderful  prediia 
the  complicated  moiionfl  of  some  of  the  planets,  had  we  og 
hod  this  key  to  all  the  equations  by  which  every  devulia 
from  regular  ellipliaal  motion  is  expressed. 

On  all   these  accounts,  physical  astronomy,  or  the  n) 
chanism  of  the  celestial  motions,  is  a  beautiful  def 
of  science.     I  do  not  know  any  body  of  doctrine  si 
hensive,  and  yet  so  exceedingly  simple  ;  and  this  O 
alion  made  me  the  more  readily  accede  to  those  i 
scientific  propriety  which  point  it  out  as  the  first  wtide  t 
a  course  of  mechanical  philosophy.     Its  eiraplicity  n 
easy,  and  the  exquisite  agreement  with  observation  n 
a  fine  example  of  the  truth  and  competency  of  our  dyJ 
ical  doctrines. 

478.  But  it  has  other  recommendations,  of  a  far  g 
value.  Nothing  surely  so  much  eiigiigos  a  heart  p 
of  a  proper  sensibility,  as  the  contemplation  of  order  ■ 
harmony.  No  philosophy  is  requisite  for  being  suscepoUl 
of  this  impression.  We  see  it  influence  the  conduct  of  A 
most  uncultivated.  What  else  does  man  aim  at  in  ^  ti 
b«8tle  of  cultivated  society  ?  Nay,  even  the  savage  voJ^ 
some  rude  aim  at  order  and  ornament. 

But  what  we  contemplate  in  the  solar  system  is  somelhinf 
more  than  mere  order  and  symmetry,  such  as  may  b*  ob- 
served in  a  fine  specimen  of  crystallization.     The  order  «f 
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Ae  K^  system  is  made  up  of  Duny  palpable  suliser 
whtre  wc  800  one  thing  plainly  done  for  the  sake  of  another 
tlimg.  And,  to  render  ihis  still  more  intcreiiting,  a  mani* 
ftit  itfUi^  appears  in  pvery  circumstance  of  the  constitution 
rftbe  tyst«m,  as  far  as  we  understand  its  applicability  to 
tfcit  we  coaceive  to  be  useful  purposes.  We  c.an  mean 
■odung  by  utility  but  the  subserviency  to  the  eujoymenta 
of  mitient  b«ng5.  Our  opportunities  far  observations  of 
iIm  kincl  arc  no  doubt  very  liniited,  confined  to  our  own 
nhloiury  habitation.  But  this  circumscribed  scene  of  ob- 
Krrsbon  is  even  crowded  with  examples  of  utility.  Surely 
tti»  unnecessary  to  recall  our  attention  to  the  numberleSB 
tdiptelions  of  the  systematic  connexion  with  the  Sun  and 
Moon  lo  the  continuance  and  the  diffusion  of  the  means  of 
sWnal  life  and  enjoyment.  As  <)ur  knowledge  of  the  ce- 
Itflial  phenomena  is  enlarged,  the  probability  becomes 
magar  that  other  planets  are  also  stored  with  inhabitanta 
"bo  dure  with  us  (he  Creator's  bounty.  Their  rotaUon, 
"d  the  evident  changes  that  we  see  going  on  in  their  at- 
■noiphiTM,  so  much  resemble  what  we  experience  here, 
thai  I  imagine  that  no  man,  who  clearly  conceives  them, 
un  shut  out  the  thought  that  these  planets  are  inhabited 
by  wntieol  beings.  And  there  is  nothing  to  forbid  us  from 
xjppOHDg  that  there  is  the  same  inexhaustible  store  of  sub< 
uKfinntc  contrii-ance  for  their  accommodation  that  we  see 
btnfor  living  creatures  in  every  situation,  with  appropri- 
>tt  GiRiH,  desires,  and  abilities.  I  fear  not  to  appeal  to 
iIk  hewt  of  every  man  who  has  learned  so  much  of  the  ce- 
ImuI  phenomena,  even  the  man  who  scouts  this  opinion, 
Htther  he  iloes  not  feel  the  disposition  to  entertain  it 
And  I  innst  on  it,  that  some  good  reason  is  required  for 
i^tetingit. 

479.  n  hen  beholding  all  this,  it  is  impossible  to  pre- 

•tBl  ihe  surmise,  at  least,  of  purpose,  de»gn,  and  contriv- 

<aee,  tmm  ari»ing  in  the  mind.     We  may  try   [o  shut  it 

I^Wr  may  be  convinced,  ilial  to  allege  any  purpose  as 
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an  argument  for  tlie  reality^  of  any  disputed  fact,  is  against 
the  rules  of  good  reasoning,  and  that  final  causes  are  im- 
proper topics  of  argument.  But  we  cannot  hinder  the  ana- 
tomist, who  observes  the  exquisite  adaptation  of  every  cir- 
cumstance in  the  eye  to  the  forming  and  rendering  vivid 
and  distinct  a  picture  of  external  objects,  from  believing 
that  the  eye  was  made  for  seeing— or  the  hand  for  hand- 
ling. Neither  can  we  prevent  our  heart  from  suggestbg 
the  thought  of  transcendent  wisdom,  when  we  contemplate 
the  exquisite  fitness  and  adjustment  which  the  mechanism 
of  the  solar  system  exhibits  in  all  its  parts. 

480.  Newton  was  certmnly  thus  affected,  when  he  took  a 
considerate  view  of  all  his  own  discoveries,  and  perceived  the 
almost  eternal  order  and  harmony  which  results  from  the 
simple  and  unmixed  operation  of  universal  gravitatioa. 
This  single  fact  produces  all  this  fur  order  and  utility. 
Newton  was  a  mathematician,  and  saw  that  the  law  of  gra- 
vitation observed  in  the  system  is  the  only  one  that  can  se- 
cure the  continuance  of  order.  He  was  a  philosopher,  and 
saw  that  it  was  a  contingent  law  of  gravitation,  and  might 
have  been  otherwise.  It  therefore  appeared  to  Newton,  as 
it  would  to  any  unprejudiced  mind,  a  law  of  gravitation  se- 
lected as  the  most  proper,  out  of  many  that  were  equally 
possible ;  it  appeared  to  be  a  choice,  the  act  of  a  mind, 
which  comprehended  the  extent  of  its  influence,  and  intend- 
ed the  advantages  of  its  operation,  being  prompted  by 
the  desire  of  giving  happiness  to  the  works  of  almighty 
power. 

Impressed  with  such  thoughts,  Newton  breaks  out  into 
the  following  exclamation,  <  ElegarUissinia  hcecce  compagei 
^  Solis  Planetarum  et  Comeiaruniy  non  nin  consiUo  et  dth 
^  miiiio  Entis  cujusdam  potentis  et  intelligentis  oriripO' 

<  tuit,    Hcec  omnia  regit ^  non  ui  animamundi^  sed  ui 
*  versorum  Dominus  mundorum.     Et  propter 

<  Domimis  DeuSy  iiMm^mrm^,  did  soUt.    Deitaa  at  domi' 
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Dei,  non  in  corpus  proprium,  titi  sentiunt  quibtu 
*  Deui  eti  anima  mundi,  sed  in  servos^  &c. 

These  were  the  effusions  of  &n  affectionate  lictcrt,  Gympa- 
Ihini^  with  llie  enjoyment  of  those  who  shared  with  him 
tbe  Mclvantsges  of  their  situation.  Yet  Newton  did  not 
know  the  full  extent  of  the  harmony  that  he  had  discovered. 
He  ibougfat  that,  in  tlie  course  of  ages,  things  would  go 
into  dborrier,  and  need  the  restoring  hand  of  God.  But, 
m  bas  been  already  observed,  De  la  Grange  has  demon- 
tfnUcd  that  no  such  disorder  will  happen.  The  great- 
est deviadons  tram  the  most  regular  motions  will  be  almost 
ooennble,  and  they  are  all  periodical,  waning  to  nothing, 
imI  sgain  rising  to  their  small  maximum. 

481.  These  are  surely  pleasing  thoughts  to  a  cultivated 
■oind.  It  is  not  surprising  therefore  that  men  of  affection- 
ue  hearts  should  too  fondly  indulge  them,  and  that  they  . 
ihould  sometimes  be  mistaken  in  their  notions  of  the  pur- 
powa  answered  by  some  of  the  infinitely  varied  and  com- 
plieaied  phenomena  of  the  universe.  And  it  would  be  no- 
lla^  but  what  we  have  met  with  in  other  paths  of  specula- 
tioB,  abould  we  see  them  consider  a  subser\'iency  to  this  fan- 
wd  ptirpose  as  an  argument  that  an  operation  of  nature  ts 
iAicted  in  one  way,  and  not  in  another.  In  this  way,  the 
CBi|Jo]rinent  of  final  causes  has  sometimes  obstructed  the 
pngresB  of  knowledge,  and  has  been  productive  of  error. 
Bat  the  impropriety  of  this  kind  of  argumentation  proceeds 
tlntfly  from  the  great  chance  of  our  being  mistaken  with 
X^ect  lo  the  aim  of  nature  on  the  occasion.  Could  this 
n|]voperly  established  as  a  fact,  and  coidd  the  suliscrvien- 
i^of  a  precise  mode  of  aci^mpliahing  a  particular  opera- 
tin  be  as  clearly  made  out,  I  apprehend  that,  however  un- 
*UHng  the  logician  may  be  to  admit  this  as  a  good  reason. 
«  canoDl  help  feeling  its  great  force.  That  this  is  true,  is 
I^MD  fVom  the  rules  of  evidence  that  are  admitted  in  all 
Onirts;  where  a  purpose  being  proved,  the  subserviency  of 
a  ocrtJUEi  (Iced  to  that  purpose  is  allowed  to  be  evidence  that 
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this  was  the  intention  in  the  conunissioa  of  that  deed.  It 
is,  however,  very  rarely  indeed  that  such  argument  can  be 
used,  or  that  it  is  wanted,  and  it  never  supersedes  the  in- 
vestigation of  the  efficient  cause. 

482.  But  speculative  men  have  of  late  years  shewn  a 
wonderful  hostility  to  final  causes.     Lord  Bacon  bad  said, 
more  wittily  than  justly,  that  all  use  of  final  causes  diould 
be  banished  from  philosophy,  because,  ^  like  Vestals^  they 
produce  nothing."     This  is  not  historically  true ;  for  much 
has  been  discovered  by  researches  conducted  entirelgf  by 
notions  of  final  causes.     What  other  evidence  have  we  for 
all  that  we  know  concerning  the  nature  of  man  ?     Is  not 
this  a  part  of  the  book  of  Nature,  a^d  some  of  its  motl 
beautiful  pages  ?     We  know  them  only  by  the  appearances 
of  design,  that  is,  by  the  adaptations  of  things  in  evident 
subserviency  to  certcun  results.     Are  there  no  such  adap- 
tations to  be  seen,  except  in  the  works  of  man  ?   Nature  is 
crowded  with  them  on  every  hand,  and  some  of  her  most 
important  operations  have  been  ascertained  by  attending  to 
them.     Dr  Harvey  discovered  the  circulation  of  the  Uood 
in  this  very  way.     He  saw  that  the  valves  in  the  arteries 
and  veins  were  constructed  precisely  like  those  of  a  double 
forcing  pump,  and  that  the  muscles  of  the  heart  were  also 
fitted  for  an  alternate  systole  and  diastole,  so  corresponding 
to  the  structure  of  those  valves,  that  the  whole  was  fit  for 
performing  such  an  office.     With  boldness  therefore  he  as- 
serted that  the  beatings  of  the  heart  were  the  strokes  of 
this  pump ;  and,  laying  the  heart  of  a  living  animal  open 
to  the  view,  he  had  the  pleasure  of  seeing  the  alternate  ex- 
pansion and  contractions  of  its  auricles  and  ventricles,  ex- 
actly as  he  had  expected.   Here  was  a  discovery,  as  curious, 
as  great,  as  important,  as  universal  gravitation.  In  precisely 
the  same  way  have  all  the  discoveries  in  anatomy  and  phy- 
siology been  made.     A  new  object  is  seen.    The  discoverer 
immediately  examines  its  structure — why  ?     To  see  what 
it  can  perform ;  and  if  he  sees  a  number  of  coadaptations  to 
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purpose,  he  dues  not  liesiuie  to  say,  '  this  is 
its  purpow-'     He  has  often  been   mistaken  ;  but  tlic  niit- 

|b«ve  been  gradually  corrected — how  ?  Uy  discover- 
bat  is  the  real  structure,  and  wiiat  the  tiling  is  really 
r  periarniing.  The  anatomist  never  imaginee  that 
Ik  hxa  discoTered  is  ol'  uo  use.* 
L  So  far  theretbre  from  banbbing  the  conaideration 
1  causes  from  our  discussions,  it  would  look  more  hk« 
»phy,  more  like  the  love  of  true  wisdom,  and  it  would 
a^nv  i«*i  of  an  idle  curioetty,  were  we  to  muhiply  our  re< 
Mtfdies  in  tfaoee  departments  of  nature  where  final  causes 
■re  the  chief  objects  of  our  atteotion^the  structure  and 
of  organised  bodies  in  the  animal  and  vegetable 
.  I  cannot  help  remarking,  with  regret,  that  of 
tlie  taste  of  naturalists  has  greatly  changed,  and^ 
thamble  opinion,  for  the  worse.  The  study  of  inert 
haa  supplanted  that  of  animal  life.  Chemistry  and 
logy  are  almost  the  sole  objects  of  attention.  Nay, 
the  rvmjt  of  nature,  the  shattered  relics  of  a  former  world, 
■■■n  a  more  engaging  object  than  the  numberless  beauties 
adorn  the  present  surface  of  ourglolie,  I  acknow. 
evco  in  those  inanimate  works,  God  has  not  lelt 
without  a  witness.  Yet  surelywe  do  not,  in  the  bowels 
if  ttw  Earth,  uor  even  in  the  curious  operations  of  chemi- 
ai  affinity,  see  so  palpably,  or  so  pleasantly,  the  incompre- 
Inuble  wisdom  and  the  providential  beneficence  of  the 
Fither  of  ait,  as  in  the  animated  objccls  of  nature. 

It  is  not  easy  to  account  for  it,  and  perhaps  the  nplana- 
tiai  would  not  be  very  agreeable,  why  many  naturalists  so 


I  would  Earnestly  r«commend  lo  my  young  reoden  aonie  excelleat , 
Mia   on    ibe   argument  of  find  causes  (without  which   Cicerffi 

ere  it  no  pliikisuphy)  in  the  prefuce  by  the  cilitor  of 
I'hyiico- Theology,  publuhctl  at  London  in  ITflS.    Uetliere 

iper  province  of  diis  arguiiifnt,  its  u«c,  and  incnulioui 

greatwl  perspicmty  Rnd  j\idgin«ni. 
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fastidiously  avcnd  such  views  of  nature  as  tend  to  lead  the 
mind  to  the  thoughts  of  its  Author.  We  see  them  even 
anxious  to  weaken  every  argument  for  the  appearance  of 
design  in  the  construction  and  operations  of  nature.  One 
should  think,  that,  on  the  contrary,  such  appearance  would 
be  most  welcome,  and  that  nothing  would  be  more  dreaiy 
and  comfortless  than  the  belief  that  chance  or  £Eite  rules  all 
the  events  of  nature. 

484.  I  have  been  led  into  these  reflections  by  reading  a 
passage  in  M.  de  la  Placets  beautiful  Synopns  of  the  New- 
tonian Philosophy,  published  by  him  in  1796,  under  the 
title  of  SysUme  du  Monde.  In  the  whole  of  this  work,  the 
author  misses  no  opportunity  of  lessening  the  impreasiaD 
that  might  be  made  by  the  peculiar  suitableness  of  any  cir- 
cumstance in  the  constitution  of  the  solar  system  to  render 
it  a  scene  of  habitation  and  enjojrment  to  sentient  beingi, 
or  which  might  lead  the  mind  to  the  notion  of  the  system^i 
being  contrived  for  any  purpose  whatever.  He  somefimeis 
on  the  contrary,  endeavours  to  shew  how  the  alleged  pur- 
pose may  be  much  better  accomplished  in  some  other  way. 
He  labours  to  leave  a  general  impression  on  the  mind,  that 
the  whole  frame  is  the  necessary  result  of  the  primitive  and 
essential  properties  of  matter,  and  that  it  could  not  be  any 
thing  but  what  it  is.  He  indeed  concludes,  like  the  illus- 
trious Newton,  with  a  survey  of  all  that  has  been  done  and 
discovered,  followed  by  some  reflections  suggested  (as  he 
says)  by  this  survey. 

*^  Astronomy,^  says  M.  de  la  Place,  ^^  in  its  present 
*^  state,  is  unquestionably  the  most  brilliant  specimen  of  the 
"  powers  of  the  human  understanding.^  He  does  not,  how- 
ever, tell  us  this  is  so  manifest.  He  does  not  say  how  that 
this  object,  which  has  engaged,  and  so  properly  occc^ied  this 
fine  understanding,  has  any  thing  to  justify  the  choice, 
cither  on  account  of  its  beautiful  symmetry,  or  exquisite 
contrivance,  or  multifarious  utility ;  or,  in  short,  that  i|  is 
^n  object  that  is  worth  lookinjg  at     But  he  gives  us  to  uii« 
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that  ostronoaiy  has  now  taught  us  )iow  much  we 
ven  mistaken,  in  thinking  ourselves  an  important  part  oi' 
ds  umverse,  for  whose  accommodation  much  has  been 
dnoc,  a*  if  we  were  objects  of  pccuUar  care.  But  we  have 
been  punished,  says  he,  for  these  mistaken  notions  of  self- 
inporTancv,  by  the  fooliBh  anxieties  to  which  tlicy  have 
giten  lise,  and  by  the  subjugation  to  whicli  we  have  sub- 
tutted,  while  under  the  influence  of  these  Ruperstitious 
loron.  Mistaking  our  relations  to  the  rest  of  the  umverse, 
ucial  order  has  been  supposed  to  have  oiher  foundations 
llitn  justice  and  truth,  and  on  abominable  maxim  has  been 
idinitt«c),  that  it  was  sometimes  useful  to  deceive  and  to 
■ubduc  mankind,  in  order  to  secure  the  happiness  of  so- 
oAy.  But  nature  resumes  her  rights,  and  cruel  expe- 
iiHioe  has  shewu  that  she  will  not  allow  those  sacred  laws 
U  be  broken  with  impunity. 

46S.  I  think  it  will  require  some  invesbgstion  before  wc 
oil  find  out  what  connexion  there  is  between  the  disco- 
Wet  of  Sir  Isaac  Newton,  and  this  mysterious  detection 
llwt  M.  de  la  Place  has  at  last  deduced  from  the  survey. 
Il  it  oommunicated  in  the  dark  words  of  an  oracle,  and  we 
are  left  to  interpret  for  ourselves.  I  can  affix  no  meaning 
Dut  dn,  that  ignorance  and  self-conceit  have  made  us  ima- 
gine that  this  Earth  is  tlic  centre,  and  the  principal  object  of 
tw  universe,  and  that  all  that  we  see  derives  its  value  from 
it»  ndnerviency  to  this  Earth,  and  to  man  its  chief  inhabit- 
•Bt  We  fondly  imagined,  that  we  arc  the  objects  of  pe- 
oiKer  care, — lliat  it  is  for  us  that  the  magnificent  spectacle 
■  dit^yed, — and  that  our  fortunes  lu^  to  be  read  in  the 
■Uny  heavens.  But  il  is  now  demonstrated  that  this  Earlh, 
•wa  compared,  even  with  some  single  objects  of  our  sys- 
tea,  is  but  like  a  pcjipercorn.  The  whole  system  is  but 
«  a  pant  in  ihc  universe.  How  insignificant  then  arc  wc ! 
But  Wc  have  been  justly  punished  for  our  self-conceit,  by 
ihat  the  stars  influence  our  fortunes,  and  have 
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made  ourselves  the  willing  dupes  of  astrologers  and  sooth* 
sayers. 

Thus  far  I  think  that  M.  de  la  Placets  words  have  soma 
meaning,  but,  surely,  very  little  importance;  nor  did  h 
call  for  any  congratulatory  address  to  his  oontemporariea 
on  their  emancipation  from  such  fears.  It  is  more  than  a 
century  since  all  thoughts  of  the  central  situation  and  great 
bulk  of  the  Earth,  and  of  the  influence  of  the  stars  on  hu- 
man afiairs,  have  been  exploded  and  forgotten. 

But  the  remaining  part  of  the  remarks,  about  aodal 
order,  and  truth,  and  justice,  and  about  deceivii^  and 
slaving  mankind,  in  order  to  secure  their  happiness,  is 
mysterious.  **  More  is  meant  than  meets  the  ear.^  M. 
de  la  Place  carefully  abstains,  through  the  whole'  of  this 
performance,  from  all  reference  to  a  Contriver,  Creator,  or 
Governor  of  the  Universe,  particularly  in  the  present  re- 
flections, which  are  so  pointedly  contrasted  with  the  con- 
cluding reflections  of  the  great  Newton.  The  opposition 
is  so  remarkable,  that  it  startles  every  reader  who  has  perus« 
ed  the  Principia.  I  cannot  but  suspect  that  M.  de  la 
Place  would  here  insinuate  that  the  doctrine  of  a  Deity^ 
the  Maker  and  Governor  of  this  World,  and  of  his  peculiar 
attention  to  the  conduct  of  men,  is  not  consistent  with 
truth  ;  and  that  the  sanctions  of  religion,  which  have  long 
been  venerated  as  the  great  security  of  society,  are  as  little 
consistent  with  justice.  The  duties  which  we  are  said  to 
owe  to  this  Deity,  and  the  terrors  of  punishment  in  a  fu- 
ture state  of  existence  for  the  neglect  of  them,  have  enabkd 
wicked  men  to  enslave  the  world,  subjecting  mankind  to  an 
oppressive  hierarchy,  or  to  some  temporal  tyrant.  Tlie 
priesthood  has,  in  all  ages  and  nations,  been  the  great  sup 
port  of  the  despof  s  throne.  But  now  man  has  resumed 
his  natural  rights.  The  throne  and  the  altar  are  overturn* 
cd,  and  truth  and  justice  are  the  order  of  the  day. 

486.  This  is  by  no  means  a  groundless  interpretation  of 
De  la  Place'^s  words.     He  has  given  abundant  proofs  of 
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UDtimenta.  It  aooorda  completely  Vitli  his 
uKUMis  eiideavoiirs,  oti  all  occasions,  to  flatteu  or  depress 
ever;  thing  that  lius  tJie  appearance  of  order,  beauty,  or 
aabMaviencVi  and  to  resolve  all  into  the  irresistible  opero- 
Imb  of  iheessenlial  properties  of  matter. 

467.  Of  all  tlie  niarks  of  purpose  and  of  wise  contriv- 
mce  in  the  sulur  pyKteai,  tlie  must  conspicuous  is  tlie  selec- 
lioo  of  ■  gravitation  ia  the  inverse  duplicate  raUo  of  the 
disUnccs.  Till  within  these  few  eventful  years,  it  has  been 
the  imiessed  admiration  uf  phllosophera  of  all  sects.  Even 
ifae  inoUirialifits  have  not  always  been  on  their  guard,  nor 
Uksn  care  to  suppress  iheir  wonder  at  the  almost  eternal 
duration  and  order  whicli  it  secures  lo  the  solar  system. 
But  M.  de  la  I'lace  annihlUtes  at  once  all  the  wisdom  of 
ihbi  selection,  by  saying,  that  this  law  of  gravitation  is 
— imial  to  all  qualities  that  are  diffused  from  a  centre.  .  It 
it  die  law  of  action  inherent  in  an  atom  of  matter  in  virtue 
tf  ib  mire  existence.  Therefore,  it  is  no  indication  of  pur- 
fPW,  or  tuurk  ol'  choice,  or  example  of  wisdom.  It  cannot 
li*  otherwise.     Matter  is  what  it  is. 

31.  de  la  Place  was  aware  that  this  assertion,  so  cotitniry 
to  a  notion  long  and  fondly  entertained,  would  not  be  ad- 
BUIt«l  witliiiut  some  unwillingness.  He,  therefore,  gives 
1  winonttration  of  his  proposition-  He  compares  Ihe  ac- 
tus of  gravity,  at  diilcrent  distances,  with  the  liluminalioQ 
of  *  Eurfjtcc  placed  at  different  distances  from  the  radiant 
point  Thus,  let  light,  diffused  from  the  point  A  (Flg- 
M.)  ihbe  through  tlie  hole  B  C  D  E,  which  we  shall  sup. 
foww  inch  Mjuare,  and  let  this  light  be  received  on  a  sur- 
^bcdc  parallel  lo  the  hole,  and  twice  as  for  from  A. 
We  know  that  it  will  illuminate  a  surface  of  four  square 
■adm.  Therefore,  since  all  the  light  which  covers  these 
W  iDchcv,  Lume  through  a  hole  of  one  inch,  the  light  in 
U^  part  uf  the  illuminated  surface  is  four  times  weaker 
UUu  in  the  hole,  where  it  is  four  times  denser.  In  like 
mMHwri  the  iutrnsity,  and  cfBciency  of  any  quality  diffiiwd 
from  A,  and  operating  at  twice  ihe  distance,  must  be  liaur 
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times  less  or  weaker ;  and  at  thrice  the  distance  it  must  be 
nine  times  weaker,  &c.  &c. 

488.  But  there  is  not  the  least  shadow  of  proof  here,  ncr 
any  similarity,  on   which  an  argument  may  be  founds 
ed.     We  have  no  conception  of  any  degrees  or  magnitude 
in  the  intensity  of  any  such  quality  as  gravitation,  attrac- 
tion, or  repulsion,  nor  any  measure  of  them,  except  the 
very  effect  which  we  conceive  them  to  produce.     At  a 
double  distance,  gravity  will  generate  one-fourth  of  the  ve- 
locity in  the  same  time.     But  this  measure  of  its  strength 
or  weakness  has  no  connexion  whatever  with  density,  or 
figured  magnitude,  on  which  connexion  the  whole  argu- 
ment is  founded.     What  can  be  meant  by  a  double  den- 
sity of  gravity  ?  What  is  this  density  ?  It  is  purely  a  geo- 
metrical notion ;  and  in  our  endeavour  to  concdve  it  with 
some  distinctness,  we  find  our  thoughts  employed  upon  a 
certain  determined  number  of  lines  spreading  every  way 
from   the   radiant  point,  and  passing  through   the  hde 
B  C  D  E  at  equal  distances  among  themselves.     It  b  very 
true  that  ilie  number  of  those  lines  which  will  be  intercept- 
ed by  a  given  surface  at  twice  the  distance  will  be  only  one- 
fourth  of  the  number  intercepted  by  the  same  surface  at 
the  simple  distance.     But  I  do  not  see  how  this  can  apply 
to  the  intensity  of  a  mechanical  force,  unless  we  can  consi- 
der this  force  as  an  effect,  and  can  show  the  influence  c^ 
each  line  in  producing  the  effect  which  we  call  the  force, 
and  which  we  consider  as  the  cause  of  the  phenomenon 
called  gravitation.     But  if  we  take  this  view  of  it,  it  is  no 
longer  an  example  of  his  proposition — a  force  diffused  from 
a  centre.     For,  in  order  to  have  the  efficiency  inversely  as 
the  square  of  the  distance,  it  is  measured  by  the  number 
of  efficient  lines  intercepted.     Here  it  is  plain  that  the 
efficiency  of  one  of  those  lines  is  held  to  be  equal  at  every 
distance  from  the  centre.     Such  incongruity  is  mere  non- 
sense. 

This  conception  of  a  bundle  of  lines  is  the  sole  founda- 
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lion  fur  any  argument  in  the  present  case.  La  Place 
indeed  tries  to  avoid  tliis  by  a  different  way  of  expresfiing 
his  cuunplc.  A  certain  quantity  of  light,  says  he,  goes 
tliroDgb  the  hole.  This  is  uniformly  spread  over  four 
times  the  surface,  and  must  he  four  times  thinner  spread. 
Bat  this,  besides  employing  n  gratuitous  notion  of  light, 
which  may  be  refused,  involves  the  same  notion  of  ducrele 
BUmerical  quantity.  If  light  be  not  conceived  to  consist 
of  atoms,  there  can  be  no  difference  of  density ;  and  if  we 
couaier  gravity  in  this  way,  we  get  into  the  hypothecs  of 
nedunical  impulsion,  and  arc  no  longer  considering  gnu 
Tiiy  as  a  primordial  force  or  quality- 

4S9.  Bnt  this  pretended  demonstration  is  still  more  de- 

fident  in  metaphysical  accuracy.     The  proposition  to  be 

dBDOOStrated  is,  that  the  gravitatiou  towards  an  atom  of 

matier  is  in  tlie  inverse  duplicate  ratio  of  the  distance,  ift 

■fciffwr  point  of  space  the  gravilal'mg  atom  is  placed. 

But  if  wc  Uike  our  proof  of  the  ratio  from  the  conception 

of  these  lines,  and  tlieir  density,  we  at  once  admit  that 

ibtK  ut  an  infinity  of  situations  in  which  there  is  no  gro- 

vilatioost  all,  namely,  in  the  intervals  of  these  lines.    The 

ntmiber  of  ^tuaUons  in  which  the  atom  gravitates  is  a  mere 

natfaing  in  comparison  with  those  in  which  it    does  not. 

We  mtist  cither  suppose  that  botli  the  quality  and  the  sur- 

bce  influenced  by  it  are  continuous,  uninterrupted,— or 

twJi  must  be  conceived  as  discrete  numerical  quantities, 

Ihe  quality  operating  along  a  certaiti  number  of  lines,  and 

the  turfuce  consisting  of  a  certain  nvmber  of  points.     We 

man  take  one  of  these  views.     But  neiUier  of  them  gives 

Bi  any  conception  of  a  different  energy  at  different  distan- 

n.    If  the  surface  be  continuous,  and  the  quality  evtry 

■  viuTe  operative,  there  can  be  no  difference  of  effect,  unless 

*ea(  once  admit  that  the  energy  itself  changes  with  the 

^stance.     Hut  lliis  change  can  have  no  relation  to  a  change 

of  demitr,  n  thing  altogether  inconceivable  in  a  continuous 

iuhttance  ;— where  every  place  is  full,   there  can  Iw  no 
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more.  On  the  other  hand,  if  the  quality  be  exerted  ooSj 
along  certain  lines,  and  the  surface  only  contmn  a  certain 
number  of  pdints,  we  can  find  no  ground  for  establishing 
any  proportion. 

490.  The  fiimple  and  true  state  of  the  question  is  thia. 
Suppose  only  two  indivisible  atoms,  or  two  mathematical 
points  of  such  atoms,  in  the  universe.  If  these  atoms  be 
supposed  to  attract  each  other,  wherever  (hey  are  ptaeei^ 
do  we  perceive  any  thing  in  our  conception  of  this  fbroe 
that  can  enable  us  to  say  that  the  attraction  is  equal  or  un- 
equal, at  difierent  distances  ?  For  my  own  part  I  know 
nothing.  The  gravitation,  and  its  law  of  action,  are  men 
phenomena,  like  the  thing  which  I  call  matter.  This  is 
equally  unknown  to  me.  I  merely  observe  certain  rdi^ 
tions,  which  have  hitherto  been  constant,  and  I  am  led  by 
the  constitution  of  my  mind  to  expect  the  continuation  oi 
these  relations.  My  collection  of  such  observations  is  my 
knowledge  of  its  nature.  This  gravitation  is  one  of  then, 
and  this  is  all  that  I  know  about  it. 

491.  The  observed  relations  may  be  such  that  they  in- 
volve certain  consequences.  This,  in  particular,  has  oon« 
sequences  that  cannot  be  disputed.     If  gravitation  in  the 

ratio  of  — I  be  the  primordial  relation  of  all  matter,  and  the 

source  of  all  others  (which  is  part  of  La  Place's  system),  it 
is  impossible  that  a  particle  composed  of  such  atoms  can 
act  with  a  force  which  decreases  more  rapidly  by  an  in- 
crease of  distance ;  but  there  are  many  phenomena  which 
indicate  a  much  more  rapid  decrease  offeree.  Simple  co- 
hesion of  solid  bodies  is  one  of  these.  The  expansion  of 
some  exploding  compositions  shew  the  same  thing.  We 
may  add,  that  no  composition  of  such  atoms  can  form  re- 
pelling particles,  nor  give  rise  to  many  expansive  fluids,  or 
indeed  to  any  of  the  ordinary  phenomena  of  elastic  bodies. 
But  these  things  are  not  immediately  before  us,  and  we 
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^  have  another  and  a  better  opportunity  of  con^deriug 
nun;  (hinga  connected  with  ihia  great  question. 

iBS.  De  la  Place  is  not  the  first  person  who  liaa  atteiupt- 
ti  I  dsnonsl ration  of  this  proposition.  Dr  David  Grego. 
17,10  bii  valuable  work  on  Bstronamy,  has  done  the  same 
tbng,  uid  nearly  in  the  same  way  with  La  Place.  Leib- 
nil,  in  that  strange  letter  to  the  editors  of  the  Leipzig  Re* 
vn,  in  which  he  answers  some  of  Gregory's  objecticms  to 
hiiown  theory  of  the  celestial  motions,  mentions  an  Itahan 
fnkmor  who  gave  the  same  argument,  and  affected  to 
ewsder  this  ratio  of  planetary  force  as  known  to  him  he- 
in  Nswton's  discovery.  Leibnitz  thinks  the  argument  a 
Vj  good  one,  because,  mathematically  speaking,  it  is  the 
■IG  tlnng  whether  the  rays  be  illuminative  or  atlractire. 
Ifthiibcnot  nonsense,  1  do  not  know  what  ia. — Several 
mpiien  of  elements  employ  the  same  argument ;  but  no- 
ttnngcaa  l)c  less  to  the  purpose.  Nothing  con  be  more  il- 
log^  than  to  speak  of  dcinonstratiDg  any  primordial  ijua- 
%.  Netrton  was  surely  more  interested  in  this  question 
tbn  uy  otlier  pcnon ;  ond  we  may  be  certain  that  if  he 
QitlUl»vc  suppurled  his  discovery  of  this  law  of  gravito- 
"00  by  any  argument  from  higher  principles,  he  most  cer- 
ttinly  would  have  done  IL  But  there  is  uo  trace  of  any 
ttUnipt  of  the  kind  among  his  writings — doubtless  because 
h*  aw  ihfc  folly  of  the  attempt. 

493.  I  trust  that  the  reader  will  forgive  me  for  taking 
<f  to  mudi  of  his  time  willi  this  question.  It  seems  to  nie 
lifBmary  importance.  Charged  as  I  am  with  the  inslruc- 
tbn  of  youth — the  future  hopes  of  our  country — it  is  my 
txHtadeit  duty  to  guard  their  minds  from  every  thing  that 
I  ifaiok  hazardous.  This  is  the  more  incumbent  on  me, 
vhea  I  tee  natural  philosophy  calumniated,  and  accused  of 
bnding  her  su{>port  (o  doctrines  Hhich  are  the  abhorrence 
nf  all  llic  wise  and  good.  I  cannot  better  discharge  this 
duly  tfaui  by  wiping  off  this  stain,  with  which  careless  ig- 
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norance,  or  atheistical  perversion,  has  disfigiiied  the  f 
features  of  philosophy.  I  was  grieved  when  I  first  saw  ! 
de  la  Place,  after  having  so  beautifully  epitomised  the  p 
losophy  of  Sir  Isaac  Newton,  conclude  his  perfonnanoe  w; 
such  a  marked  and  ungraceful  parody  on  the  dosing  j 
flections  of  our  illustrious  master ;  and,  as  I  warmly  i 
commend  this  epitome  to  my  pupils,  it  became  the  mo 
necessary  to  take  notice  of  the  reprehensible  peculiaiili 
which  occur  in  different  parts  of  the  work ;  and  particuL 
ly  of  this  proposition,  from  which  the  materialists  seem 
entertain  such  hopes. 

It  is  somewhat  amuang  to  remark  how  the  authcKitj 
Sir  Isaac  Newton  has  been  eag^ly  catched  at  by  the  athei 
ical  sophists  to  support  their  abject  doctrines.  While  aal 
hankering  remained  in  France  for  the  Atomistic  plukx 
pby,  and  there  was  any  chance  of  bewildering  the  imag^ 
tions,  and  misleading  the  understandings^  of  such  aa  wish 
to  acquire  a  confident  faith  in  the  reveries  of  Democrit 
and  Epicurus,  M.  Diderot  worked  into  a  better  shape  t 
slovenly  performance  of  Robinet,  the  SysUme  de  la  Nairn 
and  affected  to  deduce  all  his  vibrations  and  vibratiuad 
from  the  elastic  (cther  of  Sir  Isaac  Newton,  dressing  upt 
scheme  with  mathematical  theorems  and  corollaries.  Ai 
thus,  Newton,  one  of  the  most  pious  of  mankind,  was  set 
tlie  head  of  the  atheistical  sect 

But  this  mode,  having  had  its  day,  is  now  passed^  ai 
is  become  obsolete— the  tide  has  completely  turned,  ai 
the  aether  is  no  longer  wanted,  fiut  the  sect  would  not  qv 
their  hold  of  Sir  Isaac  Newton.  The  doctrine  of  univen 
fate  is  now  founded  on  Newton^s  great  discovery  of  grai 
tation  in  the  inverse  duplicate  ratio  of  the  distances, 
is  still  called  the  discovery  of  the  illustrious  Englishmai 
and  is  passed  from  hand  to  hand  with  all  the  authority  < 
his  name. 

494-.  But  surely  to  us,  the  scholars  of  Newton^  the  ftit 
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%  of  this  attempt  is  abundantly  manifest.   As  the  worthy 
popibof  our  accomplished  teacher,  we  will  join  with  him 
ioeoosidering  universal  gravitation  as  a  noble  proof  of  the 
autenoe  and  superintendence  of  a  Supreme  Mind,  and  a 
coo^Ncuous  mark  of  its  transcendent  wisdom.    The  disco- 
voy  of  this  relation  between  the  particles  of  that  matter  of 
vhidi  the  solar  system  consists  is  acknowledged,  even  by 
the  materialists,  to  have  set  Newton  at  the  head  of  philoso- 
pherk    They  must  therefore  grant  that  it  has  something 
in  it  of  peculiar  excellence.     Indeed  whoever  is  able  to  fol- 
low the  steps  of  Newton  over  the  magnificent  scene,  must 
he  affected  as  he  was,  and  must  pronounce  ^  all  very  good.^ 
It  18  peculiarly  deserving  of  remark,  that  we  see  many  con- 
tRTBooes  in  this  system,  which  are  of  manifest  subservien-^ 
tj  to  the  enjoyments  of  man,  and  which  do  not  appear  to 
line  any  farther  importance.     Man  is  unquestionably  the 
Vidof  this  lower  world,  and  all  things  are  placed  under 
Ittfeet     But  we  see  nothing  to  which  man  is  exclusively 
vbicrfient — nothing  that  is  superior  to  man  in  excellence, 
n  br  as  we  can  judge  of  what  is  excellent-— nothing  but 
temdom,  that  power,  and  that  beneficence,  which  seem 
to  inficate  and  to  characterise  the  Author  and  Conductor 
of  the  whole ;— and,  I  may  add,  that  it  is  not  one  of  our 
"Billeit  obligations  to  the  Author  of  Nature,  that  He  has 
8^^  08  those  powers  of  mind  which  enable  us  to  perceive 
*odtobe  delighted  with  the  sight  of  this  bright  emanation 
^•11  his  perfections. 

"     **  Sanctius  his  animal^  mentisque  capaciui  olte, 
"  Finxit  in  effigiem  moderantum  cuncta  Deorura^ 
"  Pronaque  cum  spcctent  animalia  cetera  terram, 
"  Os  homini  sublime  dedit;  ccclumquc  tueri 
"  Jufisit,  et  erectos  ad  sidera  tollere  vultus." 

Ovid. 

-Allaw  ijjg  iQ  conclude  in  the  words  of  Dr  Halley  : 
^°^-  III.  2  0 
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''  Talia  monitraiitefn  meeam  edeftnmte 
**  VoSf  6  coeliooliim  gaudeoteB  nectaze  Tesd, 
"  Newtokum,  ckttii  reaenntem  icrinia  Veri, 
*'  NkwtonuMj  Musis  charum^  cui  pectore  paro 
^'  Phoebus  adest,  totoque  inoeasit  Numine  mentem, 
*'  Nep  &B  ese  propiilla  mortali  atdngere  divoa." 

Hallbt. 


i 
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optical  instrument  for  viewing  distant  ob- 
by  compounding  the  Greek  wt»d»  n^Jkr 
I  took  at  or  contemplaU,  This  name  is  ' 
priated  to  the  larger  sizes  of  the  iiwtru- 
smaUer  are  called  pebspectivz  classes, 
EBA-tiLASEEB.  A  paniculaT  kind,  which 
much,  brighter  than  the  rest,  is  called  a 


commonly  been  stated,  respecting  the  in- 
lost  noble  and  useful  instrument,  we  may 
I  wing  claims. 

'^■gg^>  A  gentleihan  of  the  last  century, 
inous  knowledge,  poaiUvely  asserts  in  his 
in  another  work,  that  his  father,  a  military 
an  instrument  whicli  he  used  in  the  field, 
:ild  bring  distant  objects  near,  and  could 
he  distance  of  three  miles.  He  says,  that 
was  at  home  he  had  often  looked  through 
rtingubh  the  waving  of  the  trees  on  the  op. 
e  Severn.  Mr  IKg^es  resided  in  the  neigh- 
stol. 

uia,  in  his  Celestial  Oluervationt,  published 
46,  says,  that  he  was  assured  by  a  Mr 
e  of  the  parliament  of  Paris,  a  person  of 
ud  undoubted  integrity,  that  on  the  death 
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of  Iiis  father,  there  was  fuund  among  his  things  an  < 
tube,  by  which  distant  objects  were  dislinclly  seen;  a 
that  it  was  of  a  date  long  prior  to  the  telescope  lately  io. 
vented,  and  had  been  Leptby  him  as  a  seci 

It  ia  not  at  all  improbable,  that  curious  people  faandlinf 
spectacle-glasses,  of  which  there  were  by  this  time  grot  t^ 
rieties,  both  convex  and  concave,  and  amusing  thenuelKi' 
with  their  magnifying  power  and  the  singular  effects  w 
they  produced  in  the  appearances  of  things,  might  k 
times  chance  so  to  place  them  as  to  produce  distinct  aodci 
larged  vision.  We  know  perfectly,  from  the  table  m 
scheme  which  Sirturua  hna  given  us  of  the  tools  or  iMmIb 
which  the  spectacle-malt  era  fashioned  their  glasses,  that  iHkj 
had  convex  ll^^scs  formed  to  spheres  of  S4  inches  dianetov 
and  of  i  I  inferior  sizes.  He  has  given  usaschemesft 
set  which  he  got  leave  to  measure  Ijclonging  to  a  spectidfr 
maker  of  thenomeof  Jfo^t.-ff(!at  Corunna  in  Spain;  $Bi\t 
says  that  this  man  had  tools  of  the  same  sizes  for  t 
glasses.  It  also  appears,  that  it  was  a  general  pnetietf/i 
which  wo  do  not  know  the  precise  purpose)  to  use  a  con- 
vex and  concave  glass  together.  If  any  person  sliouldd 
to  put  together  a  !!4~inch  convex  and  a  I2-indl  j 
(wrought  on  both  sides)  at  the  distance  of  6  ■ 
would  have  distinct  vi»on,  and  the  object  woullfcti 
double  size.  Concaves  of  G  inches  were  not  t 
and  one  such  combined  with  the  convex  of  24,  u 
lance  of  9  inches,  woukl  have  distinct  vision, 
would  be  quadrupled  in  diameteri  When  such  s 
Gurred,  it  was  natural  to  keep  it  as  a  curiosity,  althi 
the  rationale  of  its  nperation  was  not  in  lite  least  andeisl 
We  doubt  not  but  llial  this  happened  much  ofteno-  lh< 
ihew  t«-o  instances.  The  chief  wonder  is,  that  it  w«i 
frequent,  and  taken  notice  of  by  some  writer.  It  is  {I 
plain  that  Galileo's  first  telescope  was  of  this  kind,  mad 
of  such  spectacle-glasses  as  he  could  procure ;  for  it  n 
fied  only  (hrci;  timea  in  diameter,— a  thing 
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by  such  glasses  as  he  could  find  with  every  spectacle-maker. 
And  he  could  not  but  observe,  in  bis  trials  of  their  glasses, 
that  the  deeper  concaves  and  flatter  convexes  he  employed, 
he  produced  the  greater  amplification ;  and  then  he  would 
find  himself  obliged  to  provide  a  tool  not  used  by  the  spec- 
tacle-makers, viz.  either  a  much  flatter  tool  for  a  convex 
surfiuse,  or  a  much  smaller  sphere  for  a  concave :  and,  not- 
mthstanding  his  telling  us  that  it  was  by  reflecting  on  the 
nature  of  refraction,  and  without  any  instruction,  we  are 
persuaded  that  he  proceeded  in  this  very  way.     His  next 
tdeaoope  magnified  but  five  times.     Now  the  slightest  ac- 
quaintance with  the  obvious  laws  of  refraction  would  have 
directed  him  at  once  to  a  very  small  and  deep  concave, 
which  would  have  been  much  easier  made,  and  have  mag- 
nified more.     But  he  groped  his  way  with  such  spectade- 
gliBSOg  as  be  could  get,  till  he  at  last  made  tools  for  very 
fiat  object-glasses  and  very  deep  eye-glasses,  and  produced 
a  tdeaoope  which  magnified  about  25  times.    Sirturus  saw 
ity  and  took  the  measures  of  it.   He  afterwards  saw  a  scheme 
of  it  which  Galileo  had  sent  to  a  German  prince  at  In- 
Ifrueh,  who  had  it  drawn  (that  is,  the  circles  for  the  tools) 
CD « table  in  his  gallery.     The  object-glass  was  a  plano- 
convexy  a  portion  of  a  sphere,  of  24  inches  diameter; 
the  eye-glass  was  a  double  concave  of  two  inches  diamet^ : 
the  fi)cal  distances  were  therefore  2\f  inches  and  one  inch 
Marly.     This  must  have  been  a  very  lucky  operation,  for 
Sirtorus  says  it  was  the  best  telescope  he  had  seen ;  and  we 
.bow  that  it  requires  the  very  best  work  to  produce  this 
Vilifying  power  with  such  small  spheres.     Telescopes 
continued  to  be  made  in  this  way  for  many  years ;  and  Gra- 
^i^eo,  though  keenly  engaged  in  the  observation  of  Jupiter^a 
^ttidlites,  being  candidate  for  the  prize  held  out  by  the 
-l^tch  .for  the  discovery  of  the  longitude,  and  therefore 
ttUcb  interested  in  the  advantage  which  a  convex  eye-glass 
^^>uld  have  given  him,  never  made  them  of  any  other  form 
^ttpler  published  his  Dioptrics  in  1611 ;  in  which  he  tells  u% 
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all  that  he  or  others  had  (Uscovered  of  the  law  of  refinactknl, 
vis.  that  in  very  small  obliquities  of  inddence,  the  angle  of 
refraction  was  nearly  ^d  of  the  angle  of  incndence.     Thb 
was  indeed  enough  to  have  pointed  out^  with  sufficient  ex- 
actness, the  oonstruclion  of  every  optical  instrument  that  we 
are  even  now  possessed  of;  for  this  proportionality  of  the 
angles  of  incidence  and  refraction  is  assumed  in  the  construc- 
tion of  the  optical  figure  for  aU  of  them ;  and  the  denatioa 
from  it  is  still  considered  as  the  refinement  of  the  art,  and  was 
not  brought  to  any  rule  till  50  years  after  by  Huyghens^ 
and  called  by  him  abebeation.     Yet  even  the  sagacioas 
Kepler  seems  not  to  have  seen  the  advantage  of  any  other 
construction  of  the  telescope;  he  just  seems  to  acknow- 
ledge  the  possilnlity  of  it ;  and  we  are  surprised  to  see  wrt 
ters  giving  him  as  the  author  of  the  astronomical  tdesoope, 
or  even  as  hinting  at  its  construction.     It  is  true,  in  the  last 
proposition  he  diows  how  a  telescope  may  be  made  uppa- 
renih/  with  a  convex  eye-glass :  but  this  is  only  a  frivolous 
fancy ;  for  the  eye-glass  is  directed  to  be  made  convex  ex*' 
temally,  and  a  very  deep  concave  on  the  inside ;  so  that  it 
is,  in  fact,  a  meniscus  with  the  concavity  prevalent     In  tfie 
86th  proposition,  he  indeed  shows  that  it  is  possil^  ao  to 
place  a  convex  glass  behind  another  convex  glass,  that  an 
eye  shall  see  objects  distinct,  magnified,  and  inverted;  and 
he  speaks  very  sagaciously  on  the  subject.     After  havii^ 
said  that  an  eye  placed  behind  the  point  of  umon  of  Ae 
first  glass  will  see  an  object  inverted,  he  shows  that  a  amdU 
part  only  will  be  seen ;  and  then  he  shews  that  a  convex 
glasst  duly  proportioned  and  properiy  placed,  will  diow 
more  of  it.     But  in  shewing  this,  he  speaks  in  a  way  whidi 
shows  evidently  that  he  had  formed  no  disdnct  notiona  of 
the  manner  in  which  this  effect  would  be  produced,  only 
saying  vaguely  that  the  convergency  of  the  second  ^aaa 
would  counteract  the  divergency  beyond  the  focus  of  the 
first     Had  he  conceived  the  matter  with  any  tolerable  dia- 
tmctness,  after  seeing  the  great  advantage  of  taking  in  a 
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field  greater  in  almost  any  proportion,  he  would  have  eager- 
ly catched  at  tlie  tliought,  and  enlarged  on  the  immense 
improvement.  Had  he  but  drawn  one  figure  of  the  pro- 
greas  of  the  rays  through  two  convex  glasses,  the  whole 
would  have  been  open  to  his  view. 

This  step,  so  easy  and  so  important,  was  reserved  for  Fa- 
Uier  Sclieiner,  and  the  construction  of  this  author,  together 
with  that  of  Jonsen,  are  the  models  on  which  all  refracting 
telescopes  are  now  constructed ;  and  in  all  that  relates  to 
their  magnifying  power,  brightness,  and  lield  of  vision, 
they  may  be  constructed  on  Kepler's  principle,  that  the 
angles  of  refraction  arc  in  a  certain  given  proportion  to  the 
angles  of  incidence. 

But  after  Huyghens  had  applied  his  elegant  geometry  to 
the  discovery  of  5inellius,  viz.  the  proportionality,  not  of  the 
angles,  but  of  the  sines,  and  had  ascertained  tiie  abcrmlions 
from  the  foci  of  infinitely  slender  pencils,  the  reasons  were 
clearly  pointed  out  why  there  were  such  narrow  limits  af- 
fixed by  nature  to  the  performance  of  optical  instruments, 
in  consequence  of  the  indistinctness  of  vision  which  resulted 
from  constructions  where  the  magnifying  power,  the  quan- 
tity of  light,  or  the  field  of  vision,  were  extended  beyond 
certain  moderate  bounds.  Thetheory  of  aberrations,  which 
that  most  excellent  geometer  established,  has  enabled  us  to 
diminish  this  indistinctness  arising  from  any  of  tliese  causes ; 
aad  this  diminution  is  the  sole  aim  of  all  the  different  con- 
atnictions  which  have  been  contrived  since  the  days  of  Ga- 
lileo and  Sclieiner. 

The  description  which  is  commonly  given  of  tlie  various 
constructions  of  telescopes,  is  suiBcicnt  for  instructing  the 
reader  in  the  general  principles  of  their  construction, 
and,  with  moderate  attention,  will  show  the  manner  in 
which  the  rays  of  light  proceed,  in  order  to  ensure  the 
different  circumstances  of  amplification,  brightness,  and 
extent  of  field,  and  even  distlncUic^s  of  vision,  in  as  for  as 
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this  depends  on  the  proper  intervals  between  the  glasses. 
But  it  is  insufficient  for  giving  us  a  knowledge  of  the  im- 
provements  which  are  aimed  at  in  the  different  departures 
from  the  original  cotistructions  of  Galileo  and  Scbaner, 
the  advantage  of  the  double  eye-glass  of  Huyghens,  and 
the  quintuple  eye-glass  of  DoUond :  still  more  is  it  insuf^ 
ficient  for  shewing  us  why  the  highest  degrees  of  amplifi* 
cation  and  most  extensive  field  cannot  be  obtidned  bj  the 
mere  proportion  of  the  focal  distances  of  the  glasses,  as 
Kepler  had  taught.  In  short,  without  the  Huygheman 
doctrine  of  aberrations,  neither  can  the  curious  reader  learn 
the  limits  of  their  performance,  nor  the  artist  learn  why 
one  telescope  is  better  than  another,  or  in  what  manner  to 
proceed  to  make  a  telescope  differing  in  any  particular 
from  those  which  he  servilely  copies. 

Although  all  the  improvements  in  the  oonstructioQ  of 
telescopes,  since  the  publication  of  Huyghens'^s  Dioptrics, 
have  been  the  productions  of  this  island,  and  although  Dr 
Smith  of  Cambridge  has  given  the  most  elegant  and  per- 
spicuous account  of  this  science  that  has  yet  appeared,  we 
do  not  recollect  a  performance  in  the  English  language 
(except  the  Optics  of  Emerson)  which  will  carry  the  read- 
er beyond  the  mere  schoolboy  elements  of  the  science,  or 
enable  a  person  of  mathematical  skill  to  understand  or  im- 
prove the  construction  of  optical  instruments. 

We  think,  therefore,  that  we  shall  do  the  public  some 
service,  by  giving  such  an  account  of  this  higher  branch  of 
optical  science  as  will  at  least  tend  to  the  complete  under- 
standing of  this  noble  instrument,  by  which  our  concep- 
tions of  the  extent  of  almighty  power,  and  wisdom,  and 
beneficence,  are  so  wonderfully  enlarged.  In  the  proae- 
cution  of  this,  we  hope  that  many  general  rules  will  emerge, 
by  which  artists,  who  are  not  mathematicians,  may  be  en- 
abled to  construct  optical  instruments  with  intelligence, 
and  avoid  the  many  blunders  and  defects  which  reauit 
from  mere  servile  imitation. 
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The  general  aim  in  the  construction  of  a  telescope^  is  to 
toon,  by  means  of  mirrors  or  lenses,  an  image  of  the  di»- 
tmt  object,  as  large,  as  bright,  and  as  extensive  as  is  pos- 
able,  consistently  with  distinctness ;  and  then  to  view  the 
inage  with  a  magnifying  glass  in  any  convenient  manner. 
This  ^ves  us  an  arrangement  of  our  subject.  We  shall 
first  show  the  principles  of  construction  of  the  object-glass 
or  mirror,  so  as  that  it  shall  form  an  image  of  the  distant 
object  with  these  qualities ;  and  then  show  how  to  con- 
itruct  the  magnifying  glass  or  eye-piece,  so  as  to  preserve 
diem  unimpaired 

This  indistinctness,  which  we  wish  to  avoid,  arises  from 
tvo  causes ;  the  spherical  figures  of  the  refracting  and  re- 
flecting surfaces,  and  the  different  refrangibility  of  the  dif- 
fiereotly  coloured  rays  of  light.  The  first  may  be  called 
the  SPHEEICAL,  and  the  second  the  chromatic  indistinct- 
BCM ;  and  the  deviations  from  the  foci,  determined  by  the 
dementary  theorem,  may  be  called  the  spherical  and  the 
CHAOMATic  aberrations. 

The  limits  of  a  work  like  this  will  not  permit  us  to  give 
ai^  m<we  of  the  doctrine  of  aberrations  than  is  absolutely 
neoeasary  for  the  construct'ion  of  achromatic  telescopes; 
and  we  must  refer  the  reader,  for  a  general  view  of  the 
wfade^  to  Euler's  Dioptrics^  and  other  works  of  that  kind. 
I^  Smith  has  given  as  much  as  was  necessary  for  the  com- 
parison of  the  merits  of  different  glasses  of  similar  con- 
struction, and  this  in  a  very  plun  and  elegant  manner. 

We  shall  begin  with  the  aberration  of  colour,  because  it 
is  the  most  simple. 

Let  white  or  compounded  light  fall  perpendicularly  on  Uie 
flatade  PQ  (Plate  VI.  Fig.  1.)  of  a  plano-convex  lens 
P  VQ,  whose  axis  is  CV,  and  vertex  V,  The  white  rayjpP 
fidliog  on  the  extremity  of  the  lens  is  dispersed  by  refraction 
at  the  point  P  of  the  spherical  surface,  and  the  red  ray 
goes  to  the  point  r  of  the  axis,  and  the  violet  ray  to  the 
point  V.     In  like  manner,  the  white  ray  9  Q  is  dispiersed 
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by  refraction  at  Q,  the  red  ray  going  to  r,  and  the  rial 
to  V.  The  red  ray  Pr  crosses  the  ywAel  ray  Qn  in  a  poi 
D,  and  Q  r  crosses  P  v  in  a  point  E  \  and  the  whole  )ij| 
refracted  and  dispersed  by  the  circumference,  who«  di 
meter  is  P  Q,  passes  through  tlic  drcutar  area,  wlnto  di 
meter  is  D  K,  Supposing  that  tlie  lens  is  of  audi  a  fta 
that  it  would  collect  red  rays,  refracted  by  its  whole  M» 
face  in  the  point  r,  and  violet  in  the  point  v ;  then  it  it 
evident,  that  the  whole  light  which  occupies  the  miHisrf 
the  lens  will  pass  througli  this  little  circle,  whose  d: 
is  D  E.  Therefore  white  light,  issuing  from  a  poiR  n 
distant  that  the  rays  may  be  considered  as  parallel,  i3 
not  be  collected  in  another  point  or  focus,  but  will  be  dih 
persed  over  the  surface  of  that  little  circle,  which  ii  thofr 
fore  called  the  circle  (yf  chromatic  dispersion  ;  and  tlui» 
diant  point  will  be  represented  by  this  circle.  The  De^ 
bouring  paints  are^  in  like  manner,  represented  by  arda; 
and  these  circles,  encroaching  on  and  mixing  wilhei 
other,  must  occasion  haziness  or  confusion,  and  render  the 
picture  indistinct.  This  indistinctness  will  be  grater  il 
the  proportion  of  the  number  of  circles  which  are  m  di^ 
manner  mixed  together.  This  will  be  in  the  j 
of  the  room  that  is  for  them  ;  that  is,  in  proportion  to  ik 
area  of  the  circle,  or  in  the  duplicate  pro]X)rtion  of  its  ib 
meter.  Our  first  bu^ness,  therefore,  is  to  obtain  mcMin 
of  this  diameter,  and  to  mark  the  connexion  betmn  || 
and  the  aperture  and  focal  distance  of  the  lens. 

Let  i  be  to  r  as  the  sine  of  incidence  in  glass  to  ihc  M 
of  refraction  of  tlie  red  rays  ;  and  let  i  be  to  i'  as  the  rt 
of  incidence  to  the  sine  of  refraction  of  the  violet  n 
Then  we  say,  lliat  when  the  aperture  P  Q  ia  modeniq 
V  —  r:v  +  r  —  2i=:DE:  PQ,  very  nearly.  For  I 
DE,  which  is  evidently  perpendicular  to  Vr,  meet  the  pi 
rallel  incident  rays  in  K  and  L,  and  the  radii  of  tlie  splM 
rical  surface  in  G  and  H.  It  is  plain  that  G  P  K  i»  «)irf 
to  the  angle  of  incidence  on  the  posterior  or  spherical  * 
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be  of  the  lens ;  and  G  P  r  and  G  P  v  are  the  angles  of 
iiAaction  of  the  red  and  the  violet  rays ;  and  that  G  K, 
6D,  and  GE,  are  very  nearly  as  the  sines  of  those  angles, 
beeause  the  angles  are  supposed  to  be  small.  We  may 
therefare  institute  this  proportion  D£:KD  =  v-— r: 
f^j;  then,  by  doubling  the  consequents  DE:2KD 
s«_r:2r  — 2f.  Also,  DE  :  8KD  +  DE  =  r— r 
:2r  — 2t  +  t;  —  r,  =  w  — r  :  r  +  v — St.  But  2KD 
+D  E  is  equal  to  K  L  or  P  Q.  Therefore  we  have  D  E 
:PQ  =  r  — r:  r  +  »  — 2f.     Q.  E.  D. 

Cor.  1.  Sir  Isaac  Newton,  by  most  accurate  observation^ 
fixnid,  that,  in  pommon  glass,  the  sines  of  refraction  of  the 
ttd  and  violet  rays  were  77  and  78  where  the  sine  of  inci* 
denee  was  60.  Hence  it  follows,  that  v  —  ristor  +  r— 
Si  as  1  to  56 ;  and  that  the  diameter  of  the  smallest  circle 
tf  dispersion  is  j^th  part  of  that  of  the  lens. 

S.  In  like  manner  may  be  determined  the  circle  of  d\^ 
faioa  that  will  comprehend  the  rays  of  any  particular  co* 
kiir  or  set  of  colours.  Thus  all  the  orange  and  yellow 
viD  pass  through  a  circle  whose  diameter  is  vi^th  of  that 
tf  die  lens. 

&  In  different  surfaces,  or  plano-convex  lenses,  the  an* 
IJki of  aberration  rFv  are  as  the  breadth  P  Q  directly, 
,  ttd  as  the  focal  distance  V  F  inversely ;  because  any  angle 
DP E  is  as  its  subtense  DE  directly,  and  radius  D  P  in- 
^fttsdy.  N.  B.  We  call  V  F  the  focal  distance,  because 
it  tins  dbtance,  or  at  the  point  F,  the  light  is  most  of  aU 
ttnidpated.  If  we  examine  the  focal  distance  by  holding 
die  lens  to  the  sun,  we  judge  it  to  be  where  the  light  is 
dntwn  into  the  smallest  spot. 

When  we  reflect  that  a  lens  of  6^  inches  in  diameter 
vs  a  circle  of  dispersion  ^th  of  an  inch  in  diameter,  we 
■t  surprised  that  it  produces  any  picture  of  an  object  that 
*i  be  distinguished.  We  should  not  expect  greater  dis« 
tactness  from  such  a  lens  than  would  be  produced  in  a  ca- 
BiM  obscura  without  a  lens,  by  simply  admitting  the  light 
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through  a  hole  of  yV^th  of  an  inch  in  diameter.  This,  «e 
know,  would  be  very  hazy  and  confused.  But  when  vt 
remark  the  superior  vivacity  of  the  yellow  and  orange 
light  in  comparison  with  the  rest,  we  may  believe^  that  the 
effect  produced  by  the  confuoon  of  the  other  colourB  will 
be  much  less  sensible.  But  a  stronger  reason  is,  that  the 
light  is  much  denser  in  the  middle  of  the  circle  of  disper- 
sion, and  is  exceedingly  faint  towards  the  margin.  ThiS| 
however,  must  not  be  taken  for  granted ;  and  we  mutt 
know  distinctly  the  manner  in  which  the  light  of  diSmnt 
colours  is  distributed  over  the  circle  of  chromadc  diver- 
sion, before  we  pretend  to  pronounce  on  the  immenae  (££• 
ference  between  the  indistinctness  arising  from  ooknir,  and 
that  arising  from  the  spherical  figure.  We  think  this  the 
more  necessary,  because  the  illustrious  discoverer  of  the 
chromatic  aberration  has  made  a  great  mistake  in  the  ooBp 
parison,  because  he  did  not  consider  the  distribution  of  the 
light  in  the  circle  of  spherical  dispersion.  It  is  therefixe 
proper  to  investigate  the  chromatic  distribution  of  the  light, 
and  we  shall  tlien  see  that  the  superiority  of  the  reflecting 
telescope  is  incomparably  less  than  Newton  imagined  it  to 
be. 

Therefore,  let  E  B  (Fig.  2.)  represent  a  plano-ooovu 
lens,  of  which  C  is  the  centre,  and  C  r  the  axis.  Let  us 
suppose  it  to  have  no  spherical  aberration,  but  to  eoUeet 
rays  occupying  its  whole  surface  to  single  pmnts  in  the 
axis.  Let  a  beam  of  white  or  compounded  light  fidl  per- 
pendicularly on  its  plane  surface.  The  rays  will  be  so  i^ 
fracted  by  its  curved  surface,  that  the  extreme  red  rays 
will  be  collected  at  r,  the  extreme  violet  rays  at  w,  and 
those  of  intermediate  refrangibility  at  intermediate  points, 
o,  y^  g-j  by  fy  V,  of  the  line  rw,  which  is  nearly  ^^th  <yf  rC. 
The  extreme  red  and  violet  rays  will  cross  each  other  at  A 
and  D ;  and  A  D  will  be  a  section  or  diameter  of  the  cir- 
cle of  chromatic  dispersion,  and  will  be  about  j^th  of  £B. 
We  may  suppose  tt  r  to  be  bisected  in  &,  because  w  6  is 

1 
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totr  very  OEarly  in  the  ratio  of  ctjuality  (for  rb:rC  = 
lfctcE,=:ftA:  cB,  t=bj6;  wC.)  The  line  rw  will 
lis  kind  of  prismatic  spectrum,  red  irom  r  to  o,  orotige- 
ubwred  froDi  vlotf,  yellow  from  ytag,  green  frooi  g  to 
1^  liine  from  &  to  ^,  purple  from  ;t  to  v,  and  violet  from 
ftotr. 

The  light,  in  its  compound  state,  must  be  supposed  tini- 

family  dense  as  it  falls  iipon  tlie  lens ;  and  the  some  imisi 

baid  of  the  rays  of  any  particular  colour.     Newton  sup- 

pues,  also,   that  when  a  white  ray,  such   as  e£,  is  dia- 

pncd  into  its  componeot  coloured  raya  by  refraction  at  E, 

it  M  uniformly  spread  over  the  angle  DE  A.     This  tuppo. 

■ioo  is  indeed  gratuitous  ;  but  ve  have  no  argument  to 

ibe  contrary,  and  may  therefore  consider  it  as  jttsi.     The 

(at)n|u«nce  is,  tliat  each  point  10,  v,  p,  b,  &c.  of  the  speo- 

{ram  is  not  only  equally  luminous,  but  also  illuminates  uni' 

facnJy  its  corresponding  portion  of  AD;  that  is  to  say, 

the  coadng  (so  to  term  it)  of  any  particular  colour,  sucli 

»  purple,  from  the  point  p,  is  uniformly  dense  in  every 

put  of  AD  on  which  it  falls.     In  like  manner,  tlie  colour- 

fDg  of  ydlow,   iiitercepteil  by  a  part  of  A  D  in  its  passage 

lo  the  poinl  y,  is  uniformly  dense  in  all  its  parts.     But  the 

density  of  ttte  difierent  colours  in  AD  'i%  extremely  difier< 

GRt;  fur  aincc  the  radiation  in  tc  is  equally  dense  witli  that 

IB  ft  the  density  of  the  violet  colouring,  which  radiates 

liroa  w,  and  ii>  spread  over  the  wliule  of  A  D,  must  be 

much  less  than  the  densty  of  the  purple  colouring,  which 

dttlea  from  /»,  and  occupies  only  a  part  of  AD  round  the 

r«fc  4.     These  densities  must  l>e  very  nearly  in  the  in- 

ffse  {iropoTtion  of  u'  ft'  to  />  6*. 

Hencr  we  wc,  that  the  central  point  b  will  be  very  in- 
Icnsely  illuminated  by  (he  blue  radiating  from  p  6  and  the 
grcea  inlL-ree^iipd  from  bfj^.  It  will  be  more  faintly  illuini- 
d  by  the  purple  radiating  from  vp.  and  the  yellow  in- 
leroeiMeil  fnim  gjf ;  ainl  atill  mon-  tiunily  by  tlie  violet  irntn 
•  o^  and   (he  orange  and  red  iiiierefpted  from^r.     'I'be 


TELESCOPE.  415 

if  the  circle  of  dispersion.  This  circumstance  will 
s  a  very  easy,  and,  we  think,  an  elegant  solution  bf 
lestion* 

!ct  C  E  in  F,  and  draw  F  L  perpendicular  to  C  E, 
;  it  equal  to  C  F.  Through  the  point  L  describe  the 
xila  K  L  N  of  the  second  order,  that  is,  having  the 
tes  E  K,  F  L,  R  N,  &c.  inversely  proportional  to  the 
softheabscissseCE,  CF,CR,&c;  sothatFL-.RN 

'  .  .^^  or  =  C  R*:  C  F*,  &c.  It  is  evident  that 
ps    CR*^ 

sidinates  are  proportional  to  the  denuties  of  the  seve- 

Dcdoured  lights  which  go  from  them  to  any  points 

rar  of  the  circle  of  dispermon. 

r  the  total  density  of  the  light  at  I  depends  both  on 

fuity  of  each  particular  colour  and  on  the  number  of 

ft  which  fall  on  it     The  ordinates  of  this  hyperbola 

nne  the  first ;  and  the  space  E  R  measures  the  num- 

adours  which  fall  on  I,  because  it  receives  light  from 

bde  of  E  R,  and  of  its  equal  B  W.     Therefore,  if 

tes  be  drawn  from  any  point  of  E  R,  their  siim  will 

die  whole  light  which  goes  to  I ;  that  is,  the  total 

J  of  the  light  at  I  will  be  proportional  to  the  area 

£  K.    Now  it  is  known  that  C  £  X  E  K  is  equal  to 

Bnitdy  extended  area  lying  beyond  E  K ;  and  C  R  x 

is  equal  to  the  infinitely  extended  area  lying  beyond 

Therefore  the  area  N  R  £  K  isequal  to  C  R  X  R  N 

i  X  £  K.   But  RN  and  EK  are  respectively  equal  to 

C  F"* 
and  YTFT..    Therefore  the  density  at  I  is  proportion^ 


CE— CR  _  p^         EE        __  CP» 
^  CExCR  ~  ^*   '*CExCR'  ~  CE  ** 

C  F*  C  F'> 

But  because  C  F  is  ^  of  C E,  ^g-w  =  gcF'^ 
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CF* 

,  a  constant  quantity.     Therefore  the  denaty  of  d 

X 

E  R  AI 

light  at  I  is  proportional  to  -;t=,  or  to  -^,  becnue  A 

points  R  and  I  are  similarly  situated  in  £  C  and  Ai. 
Farther,  if  the  semi-aperture  C  £  of  the  lens  be  cdkd  \ 

~ —  is  =  I,  and  the  denaty  at  I  is  =  gTPf  • 

Here  it  is  proper  to  observe,  that  snoe  the  point  KIm 
the  same  situation  in  the  diameter  E  B  that  the  point  Iki 
in  the  diameter  A  D  of  the  circle  of  dispersion,  the  dnli 
described  on  £  B  may  be  conceived  as  the  magnified  lep^ 
sentation  of  the  circle  of  disperaon.  The  point  F,  fir  iik 
stance,  represents  the  point  y*  in  the  circle  of  diqpeniei^ 
which  bisects  the  radius  6  A ;  andy  receives  no  fight  fiat 
any  part  of  the  lens  which  is  nearer  the  centre  thn  F, 
being  illuminated  only  by  the  light  which  oomes  tlirai|^ 
£  F  and  its  opposite  B  F'.  The  same  may  be  ankl  of  cvoj 
other  point. 

In  like  manner,  the  density  of  the  light  in^^  the  middle 

£  F  EP 

between  6  and  A,  is  measured  by  -pr^i  which  is  =  ir^cr 

-  C  F  EF 

I.     This  makes  the  density  at  this  point  a  premier  standad 

of  comparison.     The  density  there  is  to  the  density  it  I« 

1  to  ---- ,  or  as  5 1  to  A  I  ;  and  this  is  the  amplest  modeof 
o  I 

comparison.     The  density  half  way  from  the  centre  of  tk 

circle  of  disper^on  is  to  the  density  at  any  point  I  as  i  I  to 

I  A. 

Lastly,  through  L  describe  the  common  rectangular  bj^  i 

perbola  k  L  n,  meeting  the  ordinates  of  the  former  in  i,  L| 

and  n  ;  and  draw  A*  h  parallel  to  £  C,  cutting  the  ordioata 

'^ng^fyr.kc.     Then  CR:  CE  =  £fc:Rn,  audCB: 

CE— CR  =  EJt:  R/i— EA-,  or  C  R  :  RE  =  Ei:rii 

and  6  1  :  I  A  =  E  it  :  r  n.  And  thus  we  have  a  veryink 

expression  of  the  density  in  any  point  of  the  circle  of  <&• 
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Let  the  point  be  miy  where,  as  at  I.  Uvide  t)ie 
bant  R  as  AD  is  divided  in  l.Bnd  Uicn  rn  isaalhcden- 
Atjr  in  I. 

Tbi»e  two  measures  were  given  by  Newton ;  the  first  in 
hii  Treatise  dr  Mundi  SyaU-maU,  and  the  last  in  his  Op^a; 
but  b«lJi  without  demonstration. 

If  the  hyperbola  A:  L  »  be  made  to  revolve  round  the 
tU»  Ctj,  it  will  generate  a  solid  spindle,  which  will  measure 
the  whole  quantity  of  light  wliich  passes  through  different 
ponioiis  of  the  circle  of  dispersion.  Thus  the  solid  pro- 
duced by  the  n'volution  of  LA;/' will  measure  all  the  light 
iriiicb  occupies  tlie  outer  part  of  tlic  circle  of  dispersion  ly- 
ing witliout  the  middle  of  the  radius.  This  space  is  ]ths 
of  the  whole  circle;  but  the  quantity  of  light  is  but  jtb  of 
the  whole. 

A  Ktill  more  simple  expression  of  the  whole  quantity  of 
>g  through  different  porlioDS  of  the  circle  of  chro- 
ilpersion  may  now  be  obtained  as  follows : 
been  demonstrated,  that  the  density  of  the  light  at 

r  OS  — —  .      Suppose  the   figure   to   turn 

I  or  R  describe  drcumferenees  of  circles ; 

light  passing  through  this  circumference  is 

le  circumference  or  as  tlie  radius,  and  as  tlie  density 

^^   -<  C  R,  that  Is,  as  E  R. 

'  straight  liac  £fn,  cutting  RN  \n  a,  and  any 
lattf  F  L  ill  X  IX  s.  The  whole  light  which  illu.- 
;  circumference  described  by  I  is  to  the  whole 
^tt  which  tUumitiate^  die  centre  A  aa  K  R  to  E  C,  or  as 
f  to  C  in.  Ill  like  manner,  the  whole  light  which  illu- 
ttes  tlic  circuinfereuce  described  by  the  pointy'in  the 
e  of  dispersion  \»  to  the  whole  light  which  illuminates 
e  b,  BH  F  X  to  t:  m.  Tho  lines  C  vi.  It  S,  F  x,  arc 
t)  propuriiiinal  In  the  whole  light  wliich  illuminates 
mnding  uicuuiTercDres  in  the  circle  of  dinperaion. 
3  D 
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TberefcM^  the  whole  light  which  folli  on  the  circle  wiiose 
radius  is  61,  will  be  represented  by  the  trapezium  in  CRS; 
and  the  whole  light  which  falls  on  the  ring  described  by 
I  Ay  will  be  represented  hj  the  triangle  £  #  R ;  and  so  of 
any  other  portions. 

By  oonffldering  the  figure,  we  see  that  the  distiibutkm 
of  the  light  is  exceedingly  unequal.  Round  the  margin  it 
has  no  sensible  density ;  while  its  denuty  in  the  very  centre 
is  incomparably  greater  than  in  any  other  pcunt,  bang  re- 
pressed by  the  asymptote  of  a  hyperbola.     Also  the  circk 

A5 
described  with  the  radius  ---  contains  |ths  of  the  whole 

light.  No  wonder  then  that  the  confusion  caused  by  the 
mixture  of  these  drcles  of  dispersion  is  less  than  one  should 
expect ;  besides,  it  is  evident  that  the  most  lively  or  impres- 
sive colours  occupy  the  middle  of  the  spectrum,  and  are 
there  much  denser  than  the  rest.  The  mai^  is  oovcred 
with  an  illumination  of  deep  red  and  violet,  neither  of  wluch 
colours  are  brilliant.  The  margin  will  be  of  a  dark  claret 
colour.  The  centre  revives  all  the  colours,  but  in  a  pro- 
portion of  intensity  greatly  different  from  tliat  in  the  com- 
mon prismatic  spectrum,  because  the  radiant  pcnnts  L, 
Pi  ^9  ffi  &c.  by  which  it  is  illuminated,  are  at  sudi  different 
distances  from  it  It  will  be  white ;  but  we  apprehend  not 
a  pure  white,  being  greatly  overcharged  with  the  middle 
colours. 

These  considerations  show  that  the  coloured  fringes^ 
which  are  observed  to  border  very  luminous  objects  seen  on 
a  dark  ground  tlirough  optical  instruments,  do  not  proceed 
from  the  object-glass  of  a  telescope  or  microscope,  but  from 
an  improper  construction  of  the  eye-glasses.  The  duroma- 
Hc  dispersion  would  produce  fringes  of  a  different  colour, 
when  they  produce  any  at  all,  and  the  colours  would  be 
differently  disposed.  But  this  dispersion  by  the  object-glais 
can  hardly  produce  any  fringes :  its  effect  is  a  general  and 
almost  uniform  mixture  of  circles  all  over  the  field,  which 
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Ml  HaiTorm  liAziaess,  as  it  the  objtict  wert:  vicwvU 
■t  an  unpnper  disDuiue,  or  vul  of  iu  focus,  as  we  vulgar* 
tfexprem  it. 

We  Diay  at  present  form  a  good  guess  at  the  limit  which 
ttis  cause  puts  to  tlic  pcrfonnmicc  of  a  telescD[>e.  A  point 
ofa  rat^  diatan I  object  isrepresented,  in  the  picture  formed 
by  tho  object-glass,  by  a  little  circle,  whose  diameter  is  at 
ImM  sligth  of  titc  aperture  of  the  object-glass,  making  tt 
very  full  allow&ncc  for  the  suiierior  brilliancy  and  density 
of  the  central  li;2:fal.  We  look  at  this  picture  with  a  mag- 
nifytng  cye^hiss.  This  magnifies  the  picture  of  the  point. 
If  it  amplify  it  to  such  a  degree  as  to  make  it  an  object  iit- 
dmdualljr  dbtinguishabie,  the  confusion  is  then  sen»ble. 
Now  this  can  be  computed.  An  object  subtending  oik 
nimte  of  a  degree  is  distinguislied  by  the  dullest  eye,  even 
iMiough  it  be  a  dark  object  on  a  bright  ground  I^t  us 
tbaseltve  suppose  a  telescope,  the  object-glass  of  which  is 
(4^  feet  fixsal  distance,  and  one  inch  aperture.  Tho  dio- 
MMr  of  the  circle  of  chromatic  dispersion  will  be  jj^thof 
n  inch,  which  subtends  at  the  centre  of  the  objocl-glass  an 
sigk  of  about  9^  seconds.  This,  when  magnified  six  times 
by  an  eye-glass,  would  become  a  distinguishable  object; 
■d  a  telescope  of  this  length  would  be  indistinct  if  it  mag- 
"Sed  more  tlian  six  times,  if  a  point  were  thus  spread  out 
"to  a  ^x>t  of  uniform  intensity.  But  tlie  sjiot  is  much  leas 
Biettie  about  its  margin.  It  is  found  experimentsUy  that 
*pwc  of  engraving,  having  fine  cross  hatches,  is  not  scn- 
•Wy  indistinct  till  brought  so  far  from  the  limits  of  per- 
My  distinct  vision,  that  tills  iiidiMtinctness  amounts  lu 
frof  5' in  breadth, — Therefore  such  a  telescope  will  be 
•milily  distinct  when  it  magnifies  30  tunes ;  and  this  b 
THy  agreeable  to  cxjwrience. 

We  came,  in  the  scoood  place,  to  the  more  arduous  task 
<pf  asccrUuniiig  the  error  arising  from  the  splierical  figiiru  uf 
A»  nitfaocs  employed  in  optical  instruiueiitJH. — Suffice  it  to 
befbrc  wc  begin,  tliul  ultliuugh  geometers  have  cxlii- 
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bited  other  forms  of  lenses  wbkh  ore  toliUy  eunpl 
this  error,  they  cannot  be  ezecnted  bj  die  artist;  mim 
are  therefore  restricted  to  the  employment  of  sphafciAsB 
fiioes. 

Of  all  the  determinations  which  have  been  ffftndw^ 
rical  aberration,  that  by  Dr  Smith,  in  Us  OptioSy 
an  improvement  of  the  fundamental  theoran'of  tint 
el^ant  geometer  Huyghens,  is  the  loost  pev^acooDial 
palpable.  Some  others  are  more  comdae^  and  nradi  kte 
fitted  for  after  use,  and  will  therefore  be  employed  bjn 
in  the  prosecution  of  this  article.  But  they  do  not  ioefii 
yiew  the  optical  facts,  ^ving  the  mind  a'  picture  of  the  ]» 
gress  of  the  rays,  which  it  can  obntemplate  and 
amidst  many  modifying  drcumstanoes.  By  ingeniaai 
stitutions  of  analjrtical  s3rmbols,  the  invewfigatinn  is 
ed  expeditious,  condse,  and  certain ;  but  these  are  DOti»^ 
mediate  symbols  of  things,  but  of  operations  of  the  nidi; 
objects  sufficiently  subtile  of  themselves,  and  having  wieri 
of  substitutions  to  make  us  lose  sight  of  the  real  ailject; 
and  thus  our  occupation  degenerates  into  a  prooesiaiiiioit 
without  ideas.  We  shall  th^fore  set  out  with  Dr  Sauth^ 
fundamental  Theorem. 


1 .  In  Reflections. 

Let  A  B  V  (Fig.  3.)  be  a  concave  spherical  nnmr,  cf 
which  C  is  the  centre,  V  the  vertex,  C  V  the  axis,  ai  F 
the  fdcus  of  an  infinitely  slender  pencil  of  parallel  i»jb  pra- 
ing  through  the  centre.  Let  the  i»y  a  A,  paialld  totfce 
ftxis,  be  reiBectcd  in  A  G,  crossing  the  central  ray  C  V  in/ 
Let  A  P  be  the  sine  of  the  semi-aperture  A  V,  A  D  its  tm- 
gent,  and  CD  its  secant 

The  aberration  F/  from  the  principal  focus  of  caitnl 
rays  is  equal  to  ^  of  the  excess  V  D  of  the  secant  ahofetk 
>^ius,  or  very  near  equal  to  i  of  V  P,  the  versed  anerf 
the  semi^perture. 
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For  because  A  D  is  perpendicular  to  C  A,  the  points  C, 
A^  D,  are  in  a  circle,  of  which  C  D  is  the  diameter ;  and 
because  Ay*  is  equal  to  Cfy  by  reason  of  the  equality  of 
the  anglesyA  C,  fC  A,  and  C  A  a,  /  is  the  centre  of  the 
circle  through  C,  A,  D,  and/D  is  =  |  C  D.  But  F  C  is 
=  i  C  V,     Therefore  F/is  ^  of  V  D. 

But  because  D  V  :  V  P  =  D  C  :  V  C,  and  D  C  is  very 

little  greater  than  V  C  when  the  aperture  AB  is  moderate, 

D  V  is  very  little  greater  than  V  P,  and  Fy*  is  very  nearly 

equal  to  i  of  V  P. 

A  V* 
Cor.  1.  The  longitudinal  aberration  is  =  ■      ■-,  for  P  V 

tP  vv  V 

A  V* 
is  very  nearly  =  ^-^^. 

AV* 

Cor.  %  The  lateral  aberration  F  G  is  =  stths-     For 

F6  :  F/=  AP  :  P^  =  AV  :  i  CV  nearly,  and 

«k_^      _„         AV         2         AV 
therefore  FG  =  ^^jy  X cv  =  2CV- 


2.     In  Refractions. 

Let  AV  B  (Fig.  4.  or  5)  be  a  spherical  surface  scpa- 
ntmg  two  refracting  substances,  C  the  centre,  V  the  ver- 
tex, A  V  the  scmi^pcrture,  A  P  its  ane,  P  V  its  versed 
fine,  and  F  the  focus  of  parallel  rays  infinitely  near  to  the 
axis.  Let  the  extreme  ray  a  A,  parallel  to  the  axis,  be  re- 
fracted into  AG,  crossing  C  F  in  ^  which  is  therefore  the 
focus  of  extreme  parallel  rays. 

The  rectangle  of  the  sine  of  incidence^  by  the  difference 
4ifthe  sines  of  incidence  and  refraction^  is  to  the  square  of 
tlte  sine  of  refraction^  as  the  versed  sine  qftfte  semi-aper^ 
iure  is  to  tlte  longitudinal  aberration  qftlie  extreme  rays. 

Call  the  sine  of  incidence  i,  the  sine  of  refraction  r,  and 
their  difference  d. 

Join  C  A,  and  about  the  centre /"describe  the  arch  AD. 
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The  angle  AC V  is  eqaal  to  the  angle  of  incidefioe)  and 
C  A/ is  the  angle  of  iteflraction.  Th«n,  since  the  diae  til 
incidenoe  is  to  the  nnc  of  refraction  asVFloCF^oras 
A/ to  C^  that  IB)  as  D/to  C^  We  have 

CF:FV  =  C/:/D 
by  conversion       C  F  :  C  V  =  C/:  CD 
altera*  cont^.      CF^C/:CV— CD==CF:CV 
Of        .        .       F/:  VD=CF:  CV,  =  r:d. 

Now  F  V  =  cp+TTV' ^  gTTV  ^^^^y^  and  P D  = 

A  P^  A  P*  A  P- 

7T+7V  ^  2TV  "^^'y>  =  2WT  ^^^^y-  There- 
fore PV  :  PD  =  FV  :  C  V,  and  D  V  :  PV  =  CF  :  FV 
nearly. 

We  had  above        Ff:  V  D  =  r  :  d; 
and  no  w        -         V  D  :  P  V  =  C  P  :  F  V ,  =  r  :  t ; 
therefore        .         F/:PV  =  r«:di; 

andF/=-JxPV.    Q.  E.  D. 

The  aberration  will  be  different  according  as  the  refrac- 
tion is  made  towards  or  from  the  perpendicular ;  that  is, 
according  as  r  is  less  or  greater  than  t.     They  are  in  the 

ratio  of  -77-  to  -3—,  or  of  r*  to  i\      The  aberration  there- 
at      dr^ 

fore  is  always  much  diminished  when  the  refraction  is  made 

from  a  rare  into  a  dense  medium.     The  propcxiion  of  the 

sines  for  air  and  glass  is  nearly  that  of  3  to  5^    When  tbe 

light  is  refracted  into  the  glass,  the  p^^erration  is  nearly  } 

of  P  V  ;  and  when  the  light  passes  ouit  of  glass  into  air,  it 

is  about  5  of  P  V. 

r*      •AP^  r* 

Cor.  1.  Fy*=  -p  X  ^jriT  nearly,  and  it  is  also  =  ^^  x 

AP-  AP* 

gjjy ,  because  P  V  =  — ^  nearly,  and  t :  d  =  F  V  : 

CV. 
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Cor.  i.  BecftuaeyP :  P  A  =  F/:  PG 

or  F  V  :  A  V  =  F/:  F  G  nearly, 

AV       r* 
we  have  F  G,  the  lateral  aberration,  =  F^  X  jjyj  =  -jj 

AV^    _j^       AV 

^2FV«'~  ?    ^2CV*" 

FG 

Cbr.  S.  Because  the  angle  F'Ay*  is  proportional  to  ^^ 

f* 
very  nearly,  we  have  the  angular  abberration  F  A/  =  -= 

AV^  r»        AV^ 

In  general,  the  longitudinal  aberrations  from  the  focus 
of  central  parallel  rays  are  as  the  squares  of  the  apertures 
directly,  and  as  the  focal  distances  inversely ;  and  the  later- 
al aberrations  are  as  the  cubes  of  the  apertures  directly, 
and  the  squares  of  the  focal  distances  inversely ;  and  the  an- 
gular aberrations  are  as  the  cubes  of  the  aperture  directly, 
and  the  cubes  of  the  focal  distances  inversely. 

The  reader  must  have  observed,  that  to  nmplify  the  in^ 
vestigation,  some  small  errors  are  admitted.  PV  and  PD 
are  not  in  the  exact  proportion  that  we  assumed  them,  iKir 
is  D/equal  to  F  V.  But  in  the  small  apertures  which  suC* 
fioe  fiir  optical  instruments,  tliese  errors  may  be  disre- 
garded* 

This  spherical  aberration  produces  an  indistinctness  of 
vinon,  in  the  same  manner  as  the  chromatic  aberration 
does,  viz.  by  spreading  out  every  mathematical  point  of  the 
oitgect  into  a  little  spot  in  its  picture ;  which  spots,  by 
mizing  with  each  other,  confuse  the  whole.  We  must  now 
determine  the  diameter  of  the  circle  of  diffusion,  as  we  did 
in  the  case  of  chromatic  dispersion. 

Let  the  ray  ^  «  (Fig.  6  )  be  refracted  on  the  other  side 
of  the  axis,  into  •  H  ^  cutting  A/G  in  H,  and  draw  the 
perpendicular  E  H.    Call  AVa,  «  V  -,  V/(or  V  F,  or  V^, 
which  in  this  comparison  may  be  taken  as  equal)  =^  F^* 
=  by  andy E  =  ^  jr. 
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AV  :  «  V*  =  Fy :  F  ^  (already  demonstrated)  and  F  f 
=  ^6,andF/-F^(or/0  =  6  — -^6,=— ;^— 


=  -^  X  a«  —  -«,  =  -^  X  a+-  X  a— «.     Also  P/:  PA 
=yiS:EH,  or/:a=x:^  =  EH.     AndP^iP^ 


aj;    ax 


=  EH  :  E^or«:/=-y;-:-;p  =  E^.     Therefore /♦ 

d   X  O  +  «  tT  X  r^%  n  *^ 

=  —  +  JT,  =  — • y  =  —  X  a+«.     Therefore  — X 

6       ,    a?  6 


a  +1,  =  —5-  X  a+«  X  a — •,  and  —  =  — 5-  x  a — «,  and 

X  =  — ^  X  «  (a  —  «).     Therefore  x  is  greatest  when  «  x 


a  —  «  is  greatest ;  that  is,  when  « ==  ^  a.  Therefore  EH 
is  greatest  when  P  '  is  equal  to  the  half  of  AP.     When 

this  is  the  case,  wc  have  at  the  same  time  —3-  X  «  («— •) 

a' 

=  A  X  i  a-,  and  ar  ==:::  i  6,  or  E  H  =  i  FG.     That  is, 

the  diameter  of  the  circle  oi*  aberration  through  which  the 
whole  of  the  refracted  light  must  pass,  is  }  of*  the  diameter 
of  the  circle  of  aberration  at  the  focus  of  parallel  central 
rays.  In  the  chromatic  aberration  it  was  i  ;  so  that,  in 
this  respect,  the  spherical  aberration  does  not  create  so 
great  confusion  as  the  chmmatic. 

We  are  now  able  to  compare  them,  since  we  have  now 
.  the  measure  of  both  the  circles  of  aberration. 

It  has  not  l)een  found  possible  to  give  more  than  four 
inches  of  aperture  to  an  object-glass  of  100  feet  focal  dis- 
tance, so  as  to  preser\'e  sufficient  distinctness.  If  we  com- 
pute the  diameter  of  the  circle  E  H  corresponding  to  this 

aperture,  we  shall  find  it  not  much  to  exceed   |.,^j-qj3q   of 


J 
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aindL     If  we  restrict  the  circle  of  chromatic  dispersion 
to  |}g  of  the  aperture,  which  is  hardly  the  fifth  part  of  the 

vbole  dispersion  in  it,  it  is  tttt  of  an  inch,  and  is  about 

1900  times  greater  than  the  other. 

The  circle  of  spherical  aberration  of  a  plano-convex  lens, 

with  the  plane  side  next  the  distant  object,  is  equal  to  the 

cipde  of  chromatic  dispersion  when  the  semi-aperture  is 

ahout  15" :     For  we  saw  formerly  that  E  H  is  ^  of  F  G, 

ana  that  F  G  is  =  -ZT-  ^rrr^^  and  therefore  E  G  =  -75- 
^ 8 AC*'     ^^^^  being  made  =  — -^ — ,  gives  us  A  P  = 

^=g— 5 — ,  which  is  nearly  — - — ,  and  corresponds  to 

aperture  of  30^  diameter,  if  r  be  to  i  as  3  to  2. 

Sir  Isaac  Newton  was  therefore  well  entitled  to  say,  that 
it  was  quite  needless  to  attempt  figures  which  should  have 
less  aberration  than  spherical  ones,  while  the  confusion  pro- 
duced by  the  chromatic  dispersion  remained  uncorrected. 
Since  the  indistinelness  is  as  the  squares  of  the  diameters 
of  the  circles  of  aberration,  the  disproportion  is  quite  be- 
yond our  imagination,  even  when  Newton  has  made  such 
a  liberal  allowance  to  the  chromatic  dispersion.     But  it 
must  be  acknowledged,  that  he  has  not  attended  to  the  dis- 
tribution of  the  light  in  the  circle  of  spherical  aberration, 
and  has  hastily  supposed  it  to  be  like  the  distribution  of 
the  coloured  light,  indefinitely  rare  in  the  margin,  and  den- 
ser in  the  centre. 

We  are  indebted  to  Father  Boscovich  for  the  elegant 
determination  of  this  distribution,  from  which  it  appears, 
that  the  light  in  the  margin  of  the  circle  of  spherical  aber- 
ration, instead  of  being  incomparably  rarer  than  in  the  spaces 
between  it  and  the  centre,  is  incomparably  denser.  The  in- 
distinctness therefore  pnKluceil  by  the  intersection  of  thos*.- 


I 
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luminous  circumferences  is  vastly  great,  and  increaaet  tk 

whole  indistinctness  exceedingly.     By  a  gross  calculatioi 

which  we  have  made,  it  appears  to  be  increased  at  least  500 

times.  The  proportional  indistinctness,  therefore,  instead  of 

1900^  \ 

being  1 900*  to  1,  is  only -^jjQ-,  or  nearly  7220  to  1— a  pro.   i 

porUon  sUU  sufficiently  great  to  warrant  Newton^s  prefeiCDoe  \ 

of  the  reflecting  telescope  of  his  invention.     And  we  m^  j 

now  observe,  that  the  reflecting  telescope  has  even  a  gmt  • 

advantage  over  a  refracting  one  of  the  same  focal  diatanoei  \ 

with  respect  to  its  spherical  aberration :   For  we  have  Men  .' 

{Cor.  2.)  that  the  lateral  aberration  is  -^^^  ^InVr 

9     AV^ 
a  plano-convex  glass  is  nearly  —r-  oTTyS*     And  the 

9 
meter  of  the  circle  of  aberration  is  one-fourth  of  this,  or  -j^ 

AV^ 
X  oTfys'     1°  like  manner,  the  lateral  aberration  of  a  coo- 

AV^  .       f 

cave  mirror  is  ^^,  ^^ ;  and  the  diameter  of  the  dicfe  rf 

AV^ 
dispersion  is  g-g-ya ;  and  therefore,  if  the  surfaces  weie 

portions  of  the  same  sphere,  the  diameter  of  the  circle  of 
aberration  of  refracted  rays  would  be  to  that  of  the  cirde 
of  aberration  of  reflected  rays  as  ^^  to  I  or  as  9  to  4.    But 
when  the  refracting  and  reflecting  surfaces,  in  the  paatkm 
here  considered,  have  the  same  focal  distance,  the  radial 
of  the  refracting  surface  is  four  times  that  of  the  reflecting 
surface.     The  proportion  of  the  diameters  of  the  cirdes  of 
spherical  aberration  is  that  of  9  x  4-  to  4,  or  of  144  to  4^ 
or  36  to  1.     The  distinctness,  therefore,  of  the  reflector  is 
30  X  36,  or  1296  times  greater  than  that  of  a  plano-oon- 
vex  lens  (placed  with  the  plane  side  next  the  distant  ob- 
ject) of  the  same  breadth  and  focal  distance,  and  will  there^ 
fore  admit  of  a  much  greater  magnifying  power.     This 


indeed  made  in  circunutwms  most  favour- 
to  die  reflector,  because  this  is  llie  very  worst  poutioti 
If  a  |dMK»-cou%'ex  lens.  But  wo  have  not  as  yet  learned 
lltabemtion  in  any  other  position.  In  another  position, 
ihc  reTractiun  and  consequent  aberration  of  both  suriaces 
ae  OBDiplicttted. 

Btfiire  wo  procn?d  to  the  ootisi  deration  of  this  very  (UfS- 
ndt-sobjecl,  we  may  deduce,  from  what  has  been  already 
faponWrntcd,  several  general  ndcs  and  maxims  iu  the  con- 
Xtuetioii  of  telescopes,  which  will  explain  (to  such  readers 
u  do  Dol  wish  to  enter  more  deeply  into  the  subject)  and 
\a^iff  the  prt^xtrtioD  which  long  practice  of  the  best  art- 
fats  hu  BBDCtioned. 

Indistinctness  proceeds  from  the  commixture  of  tlie  cir- 
Jt»  of  aberration  on  tlie  retina  ol'llie  eye:  For  any  one 
point  of  the  retina,  being  the  centre  of  a  circle  of 
ibinaliiin,  will  at  once  be  affected  by  the  admixture  of  the 
■fa  of  as  many  different  pencils  of  light  as  there  ore  een- 
iftlr  poinU  in  the  area  of  that  circle,  and  will  convey  to 
mind  a  mixed  sensation  of  as  many  visible  points  of  the 
ret  This  number  will  be  as  the  area  of  the  circle  of 
RMioiu,  whatever  be  the  axe  of  a  sensible  point  of  the 
IB.  Now,  in  vision  with  telescopes,  the  diameter  of 
orde  of  aberration  on  the  retina  is  as  the  apparent 
Ugnkude  of  the  diameter  of  the  corresponding  circle  in 
of  tlie  eye-glass ;  that  ia,  as  the  angle  subtended 
by  this  diameter  at  the  centre  of  tlie  eye-glass  ;  tliat  is,  as 
itself  directly,  and  as  the  focal  distance  of  the 
rj^f^MB»  inversely.  And  the  area  of  that  circle  on  the  re- 
st as  tiic  area  of  the  circle  in  die  focus  of  the  eye-glass 
Bnctiy,  and  as  the  square  of  the  focal  distance  of  the  eye- 
inversely.  And  tills  is  tlio  meosure  of  tlie  apparent 
DdutiDctness. 
Cor.  In  all  sorts  of  telescopes,  and  also  in  compound 
lOOKupcs,  an  object  is  seen  equally  distinct  when  ilie  fo- 
ll  dmance  of  the  eye-glasses  are  projiurtional  to  the  diu- 


4S8  TELB8C0PE. 

meters  of  the  circles  of  aberration  in  the  focus  oft 
ject-glass. 

Here  we  do  not  consider  the  trifling  alteratioo 
well-oonstructed  eye-glasses  may  add  to  the  indistin 
of  the  first  image. 

In  refracting  telescopes,  the  apparent  indistinctoea 
the  area  of  the  object-glass  directly,  and  as  the  squ 
the  focal  distance  of  the  eye-glass  inversely.  Far : 
been  shown,  that  the  area  of  the  circle  of  dispersioii 
the  area  of  the  object-glass,  and  that  the  spherical  al 
tion  is  insignificant  when  ccnnpared  with  this. 

Therefore,  to  make  reflecting  telescopes  equally  dii 
the  diameter  of  the  object-glass  must  be  proportional  i 
focal  distance  of  the  eye-glass. 

But  in  reflecting  telescopes,  the  indistinctness  is  i 
fflxth  power  of  the  aperture  of  the  object-glass  direcdj 
as  the  fourth  power  of  the  focal  distance  of  the  object 
and  square  of  the  focal  distance  of  the  eye-glass  inre 
This  is  evident  from  the  dimensions  of  the  circle  of 

ration,  wliich  was  found  proportional  to  -ttttT' 

Therefore,  to  have  them  equally  distinct,  the  cut 
the  apertures  must  be  proportional  to  the  squares  ( 
focal  distance  multiplied  by  the  focal  distance  of  the 
glass. 

By  these  rules,  and  a  standard  telescope  of  &pp 
goodness,  an  artist  can  always  proportion  the  parts  <A 
instrument  he  wishes  to  construct.  Mr  Huyghens  : 
one,  of  which  the  object-glass  had  30  feet  focal  dis 
and  three  inches  diameter.  The  eye-glass  had  3^3  ii 
focal  distance.  And  its  performance  was  found  suf 
to  any  which  he  had  seen ;  nor  did  this  appear  owi 
any  chance  goodness  of  the  object-glass,  because  he  i 
others  equally  good  which  were  constructed  on  similai 
portions.     This  has  therefore  been  adopted  as  a  stam 

It  docs  tiot  at  first  appear  how  there  can  Ije  any 

1 
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col^  in  thb  matter,  because  we  can  always  diminish  the 
aperture  of  the  object-glass  or  speculum  tiU  the  circle  of 
dMmtion  is  as  small  as  we  please.    But  by  diminishing 
diis  aperture,  we  diminish  the  light  in  the  duplicate  ratio 
cf  the  aperture.     Whatever  be  the  aperture,  the  bright- 
nen  b  diminished  by  the  magnifying  power,  which  spreads 
die  light  over  a  greater  surface  in  the  bottom  of  the  eye. 
Hie  apparent  brightness  must  be  as  the  square  of  the  apcr- 
tnre  of  the  telescope  directly,  and  the  square  of  the  ampli- 
ieiticMi  of  the  diameter  of  an  object  inversely.     Objects, 
tboeifare,  will  be  seen  equally  bright,  if  the  apertures  of 
die  telescopes  be  as  the  focal  distances  of  the  object-glasses 
firectly,  and  the  focal  distance  of  the  single  eyo-giass  (or 
qie-g^asa  equivalent  to  the  eye-piece)  inversely.     There- 
five,  to  have  telescopes  equally  distinct  and  equally  bright, 
we  must  combine  these  proportions  with  the  former.     It 
aaeedless  to  go  farther  into  this  subject,  because  the  con- 
Auction  of  refracting  telescopes  has  been  so  materially 
dunged  by  the  correction  of  the  chromatic  aberration,  that 
dwB  can  hardly  be  given  any  proportion  between  the  ob- 
JBctf^bss  and  eye-glasses.     Every  thing  now  depends  on 
Ae  degree  in  which  we  can  correct  the  aberrations  of  the 
cbjectpg^ass.     We  have  been  able  so  far  to  diipinish  the 
dmmatic  aberration,  that  we  can  ^ve  very  great  apertures 
ivlhout  its  becoming  sensible.     But  this  is  attended  with 
■>  great  an  increase  of  the  aberration  of  figure,  that  this 
Ittt  becomes  a  sensible  quality.     A  lens  which  has  30^  for 
ii  wmi-aperture,  has  a  circle  of  aberration  equal  to  its 
duomatic  aberration.    Fortunately  we  can  derive  from  tlie 
loy  method  of  contrary  refractions,  which  we  employ  for 
moving  the  chromatic   aberration,  a  correction  of  the 
flther.     We  are  indebted  for  this  contrivance,  also,  to  die 
Sliutrious  Newton. 

We  call  this  Ncwtotfs  contrivance,  because  he  was  the 
drst  who  proposed  a  construction  of  an  object-glass,  in 
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which  the  aberration  was  corrected  by  the  contrary  abcns* 
dons  of  ^ass  and  water. 

Huyghens  had  indeed  supposed,  that  our  all-wise  Cr^ 
tor  had  employed  in  the  eyes  of  animals  many  refracdoai 
in  place  of  one,  in  order  to  make  the  vision  more  cUstinct; 
and  the  invidious  detractors  from  Newton'^s  fame  haic 
catched  at  this  vague  conjecture  as  an  indicaticm  of  Ui 
knowledge  of  the  posedbility  of  destroying  the  aberratioBof 
figure  by  contrary  refractions.     But  this  is  very  ill-SMiad- 
ed.     Huyghens  has  acquired  sufficient  reputation  fay  hk 
theory  of  aberrations.     The  scope  of  his  writing  in  the 
passage  alluded  to,  is  to  show,  that  by  dividing  any  ia* 
tended  refraction  into  parts,  and  producing  a  certain  ooOp 
vergence  to  or  divergence  from  the  axis  of  an  optical  iop 
strument  by  means  of  two  or  three  lenses  instead  of  one, 
wc  diminish  the  aberrations  four  or  nine  times.     This  con- 
jecture about  the  eye  was  therefore  in  the  natural  tnun  of 
his  thoughts.    But  he  did  not  think  of  destroying  the  aber- 
ration   altogether  by  opposite  refractions.      Newton,  in 
1669,  says,  that  opticians  need  not  trouble  themseWes 
about  giving  figures  to  their  glasses  other  than  spherical. 
If  this  figure  were  all  the  obstacle  to  the  improvement  of 
telescopes,  he  could  shew  them  a  construction  of  an  dgect- 
glass,  having  spherical  surfaces,  where  the  aberration  is 
destroyed ;  and  accordingly  gives  tlic  construction  of  one 
composed  of  glass  and  water,  in  which  this  is  done  com* 
pletely  by  means  of  contrary  refractions. 

The  general  principle  is  this :  When  the  racUant  point 
11,  (Fig.  7.)  or  focus  of  incident  rays,  and  its  conju- 
gate focus  F  of  refracted  central  rays,  are  on  opjxisite  ndes 
of  the  refracting  surface  or  lens  V,  the  conjugate  focus y 
of  marginal  rays  is  nearer  to  R  than  F  is.  But  when  the 
focus  of  incident  rays  K'  lies  on  tlic  same  side  with  its  000^^ 
jugate  focus  F'  for  central  rays,  R'J''  is  greater  than 
R'F'. 

Now   Fig.  8.  represents  the  contrivance  for  destroy. 
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►colour  produced  at  F.  tlie  principnl  focus  of  the 
(  lens  V,  of  crowTi  glass,  hy  means  of  the  contrary 
m  of  tliu  L-oncave  lens  v  of  flint  glass.  The  mci- 
rallc]  raya  are  made  to  converge  lo  F  by  the  first 
'his  convergence  is  diminished,  but  not  entirely  de- 
i,  by  tlie  concave  lens  v,  and  die  focus  is  formed  in 
It  F  md  F'  therefoie  are  conjugate  foci  of  the  concave 
pi.  tf  F  be  the  focuB  of  V  for  central  rays,  the  margi- 
11  rtys  vrill  be  collected  at  some  point/"  nearer  to  the  lens. 
f  F  be  now  cunsidered  as  die  focus  of  light  incident  on 
it  cmtre  of  i^,  and  F'  be  the  conjugate  focus,  the  margi- 

■  nypF  would  be  refracted  to  some  point  _/'  lying  be- 
pod  P.  Therefore  the  marginal  my  pj"  may  be  refracl- 
I  Ig  F',  if  the  aberration  of  the  concave  be  properly  ad- 
pBted  (o  thapof  the  convex. 

'  This  brings  us  to  the  most  difficult  part  of  our  subject, 
|e  conpouiided  aberrations  of  different  surfaces,  Our  li- 
ils  will  not  give  us  room  for  treating  tliis  in  tlie  same  ele- 
loitarjr  and  perspicuous  manner  that  we  employi-d  for  a 
l|^  Surface.  We  must  try  to  do  it  in  a  compendious 
iy,  which  will  admit  at  once  the  difl'erent  surfaces  and 
ie  itifTcnnit  refractive  powers  of  different  substances. 
lib  must  naturally  render  the  process  more  complicated  ; 
It  we  hope  tu  ireut  the  subject  in  a  way  easily  compre- 
pded  by  any  person  moderately  aajuwnled  with  common 
bn>ni  i  And  we  trust  that  our  attempt  will  be  tavourably 
mvcd  by  an  indulgent  public,  as  it  is  (as  far  as  we  know) 

■  oaiy  dissertation  in  our  language  on  the  construction 
F  Achromatic  instruments.  We  cannot  but  express  our 
jtptisc  at  this  indifference  about  an  invention  which  has 
hw  w  much  honour  to  our  country,  and  which  now  con- 
ptatai «  very  lucrative  branch  of  its  manufacture.     Our 

»  inlinitely  surpass  all  the  performances  of  foreigners 
dni  braiidi,  and  supply  tlie  murkels  of  Europe  without 
f  competition ;  yet  it  is  from  the  writings  on  die  Conti- 
1  thi-'y  derive  their  acicniific  instrucUon,  and  jiarlj- 
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cularly  from  the  dissertations  of  Claiiaut,  who  ha 
fully  simplificd  the  analysis  of  optical  propoatic 
shall  freely  bdrrow  from  him,  and  tram  the  w 
Abbe  Boscovich,  who  has  considerably  improved 
views  of  Clairaut  We  recommend  the  origini 
curious  reader.  Clairaut'^s  dissertations  are  to  be 
the  Memoirs  of  the  Academy  of  Paris,  1756,  t 
of  Boscovich  in  the  Memoirs  of  the  Academy  of 
and  in  his  five  volumes  of  C^uscula^  published  a 
in  17S5.     To  these  may  be  added  D^Alembert  a 

Lemma  I.  In  the  right-angled  triangle  MXS, 
of  which  one  side  M  X  is  very  small  in  com] 
eitlicr  of  the  others ;  the  excess  of  the  hypothei 

above  the  side  X  S,  is  very  nearly  equal  to  ^j 

M  X* 

Q^  ^-    For  if  about  the  centre  S,  with  the  ra^ 

describe  the  semicircle  A  M  O,  we  have  A  X  > 
MX'-.     Now  AX=MS  — SX,and   XO, 
equal  to  2  M  S  or  2  X  S  ;  on  the  other  hand.  Ml 

ly  ecjual  to  X  S  +  -Vv~^ ;  and,  in  like  manner, 
nearly  equal  to  -y^^-j^  +  XG,  and  MH  is  nearlj 

2XH+^^"" 

Pkop.  I.    Let  the  ray  m  M,  "mcident  on  the 
surface  A  M,  converge  to  G  ;  that  is,  let  G  be 
of  incident  rays.     It  is  rei|uired  to  find  the  focus 
fraclixl  rays  ? 

Let  m  express  the  ratio  of  die  sine  of  inciden( 
fraction ;  tliat  is,  lot  m  Ik?  lo  1  as  the  sine  of  int 
the  ane  of  refraction  in  ihc  substance  of  the  spin 


m 


M  G  :  G  S  =  sin.  M  S  H  :  sLi 
wi  :    1     =  sin,  S  M  G  :  ai 
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re  971  X  MG:  6S  =  Bm.  MSH:  sin.  SMH. 
},  MSH:S,SMH  =  MH:HS.  Therefore, 
aiy,       m.  M  G  :  G  S  =  M  H  :  H  S. 

'  let  M  S,  the  radius  of  the  refracting  surface,  be 

}.     Let  A  G,  the  distance  of  the  focus  of  inddent 

om  the  surface,  be  called  r.     And  let  A  H,  the  fo- 

:ance  of  refracted  rays,  be  called  x.     Lastly,  let  the 

X  of  the  semi-aperture  be  called  e.     Observe,  too, 

r,  or,  are  to  be  considered  as  positive  quantities, 

\.S,  AG,  AH,  lie  from  the  surface  in  the  direcUon 

Ji  the  light  is  supposed  to  move.     If,  therefore,  the 

Ag  surface  be  concave,  that  is,  having  the  centre  on 

ie  fix>m  which   the  light  comes  ;  or  if  the  inddent 

e  divergent,  or  the  refracted  rays  are  divergent; 

,  r,  iT,  are  negative  quantities. 

piainthatHS  =  x  — a;  GS  =  r— -a;  alsoAX 

nearly.     HX  =  a  — 1-.     GX  =  r— i-.  Now 

H  X  and  to  G  X  their  differences  from  M  H  and 

which  (by  the  Lemma)  are  —  and  — .      We  get 

o  shorten  our  notation,  makeA:  =  — — -.     This 

a        r 

ikeMG  =  r  — ^'. 

'  substitute  these  values  in  the  final  analogy  at  the 
this  column,  viz.  MH:HS  =  97i.  MG:GS;  it 
el   .    e^^  mk^ 

2  a      9.x  2 

k)y  because  k  == ,  and  a  r  fc  =  f  —  a.     Now 

ar 

ly  the  extreme  and  mean  terms  of  this  analogy.     It 

mt  that  it  must  give  us  an  equation  which  will  give 

ilue  of  .T  or  A  H,  the  quantity  sought. 

.III.  3E 


^ 
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But  this  equation  is  quadratic.     We  may  avoid  the 
lution  by  an  approximation  which  is  sufficiently  accurate^ 

by  substituting  for  x  in  the  fraction  —   (which   ia  very 

small  in  all  cases  of  optical  instruments),  an  approximate 
value  very  easily  obtained,  and  very  near  the  truth.  This 
is  the  focal  distance  of  an  infinitely  slender  pendl  of  rays 
conver^ng  to  G.     This  we  know  by  the  common  optical 

theorem  to  be ^ .     Let  this  be  called  f ;  if  we 

171—1  r^:^  a 

substitute  h  in  place  of  -•— -•  this  value  of  ^  becomes  = 
am 


m  —  ak' 

This  ^ves  us,  by  the*  bye,  an  easily  remembered  ex- 

presfflon  (and  beautifully  simple)  of  the  refracted  focus  oi 

an  infinitely  slender  pencil,  corresponding  to  any  distance 

_  ,         ,.  .         _       .  am        \ 

r  of  the  radiant  pomt.     For  smcc  ^  =  —         »,   -  must 

m^^ak          m       ak         1       k       __. 
bo  =  • -,  = ,  = .     We  may  even 

am     ^       am     am        am 

express  it  more  simply,  by  expanding  k\  and  it  becomes 
111  1 

^      a     ma       mr 

Now  put  this  value  of  --  in  place  of  the  ^  in  the  ana- 

^  X 

logy  employed  above.     The  first  term  of  the  analogy  be- 

e^       ^      ke^  i^^       mi  1 

comes  j: — --  +  --—.- — ,  or  j? .       The    anaiogy 

2a^2a      %m^  2m  ^ 

,  ke-  mke^       ,    „ 

now  becomes  x  —  -—  :  xa  =  mr ;; — : ark.  Hence 

2m  2 

we  obtain  the  linear  equation  mrJ?— — ^ — "^mra-k- 

— /z —  =z  ark X ;    from  which  we  finally  de- 

duce 


i 
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ark*e* 


rnra  —  AwiaA;^  —  — =— 
mr  —  arA:— ifufc^ 


We  may  simplify  this  greatly  by  attending  to  the  ele- 


J?  +  ar 


BMntary  theorem  in  fluxions,  that  the  fraction  —-r  differs 

•  ■ 

fimn  the  fraction  -  by  the  quantity 5—^  ;  this  being 

^  y 

•  •       • 

the  fluxion  of  -.    Therefore  ~ —  =  -  +  ^^"*I — -,    Now 

y  y-^y   y       it 

the  preceding  formula  is  nearly  in  this  situation.     It  may 

be  written  thus ;  = 5—= ^^,   when 

the  last  terms  of  the  numerator  and  denominator  are  very 
nun  in  comparison  with  the  first,  and  may  be  considered 

ts the  X and  ^,  while  m r a  is  the  x,  and  mr  ^^  ark  is 
they.     Treating  it  in  this  way,  it  may  be  stated  thus : 

mra         (mra)  ^mJce^ — (mr-arAf)(i»7iA-fl^4.^^-^  / 

X  =  -I z^ 

mr  —  ark  r^{m~akY 

mra  (mra) mJc —  {mr — ark)  {mka  +  -^) 

^  *^r{m—ak)'^  r'(m—akf 


mra  ma 


The  first  term   --,-  rr-,   or  -. ,  is  evidently  =^» 

r  {m — ak)  m — ak  "^ 

the  focal  distance  of  an  infinitely  slender  pencil  There- 
fore the  aberration  is  expressed  by  the  second  term,  which 
we  must  endeavour  to  simplify. 

If  we  now  perform  the  multiplications  indicated  by  — 

a  rk'^. 
(fii  r  —  a  r  A')  X  (^^  A:  a 1,  it  is  plain  that  —  m  r 

X  mka  destroys  the  first  terra  mr  a  X  vik  of  the  nume- 
rator of  our  small  fraction,  and  there  remains  of  this  nu- 


i 
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merator  (m  a*  r  it'  — .  a  r'  A:*H — j  4  «*>  which  is  ec 

f?i    / 

\ »»       wi  a       itv    i 
The  denominator  was  r^  (m  —  a  A:)',  and  the  fnc 

now  becomes  , rr^l  — ——5 — I — =jAr,wh» 

(m  —  aky\mr     fn\a      w?J^ 

y  ifc*         ifc*         it^  V 

evidently  =  ^'  f — I — -  hr.     Now  recollect 

^  \mr     ir?a^  m^J% 

k  = .     Therefore  -^  =  — ^  { -—  -  )  =  -= —  — 

a      r  m^      nrxa     ry      nra        I 

jfc2  —if        it* 

Therefore,  instead  of  —3 — ,  write  — 3 .anil  wi 

fnra  tnr        m  r 

mk 


thefracUon#*f-T = --+_)-=^M— ^     . 

rT--+  -3 —  1-7,  which  IS  equal  to  #• 3-1*^—  - 

g-,  and  finally  to-^-  _^  (^/r^-.  _j^. 
Therefore  the  focal  distance  of  refracted  rays  is 


J   =   ^     ^ 


m^ 


This  consists  of  two  parts.     The  first  ^  is  the  focal 
stance  of  an  infinitely  slender  pencil  of  central  rays, 

the  other  —  V  ^*"T     ( it'  —  ^^  J  :r    is   the    abem 

m'     \  r  /  X 

arising  from  the  spherical  figure  of  the  refracting  surfi 
Our  formula  has  thus  at  last  put  on  a  very  simple  fi 

and  is  vastly  preferable  to  Dr  Smith's  for  practice. 
This  aberration  is  evidently  proportional  to  the  squa 

the  semi^perture,  and  to  the  square  of  the  distance  f .' 

in  order  to  obtain  this  simplicity,  several  quantities  wen 

glected.     The  assumption  of  the  equality  of  A  X  to  ~ 

the  first  source  of  error.    A  much  more  accurate  value 

would  have  been  -7—= -,  for  it  is  really  =  -z 3 

4  a*  +  f '  ^        ^  a  —  / 
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If  for  A  X  we  substitute  its  approximated  value  — ,we 

Aouldhave  AX  = ^=  .    #    *•     To  have  used  this 

2a 

^e  would  not  have  much  complicated  the  calculus ;  but  it 

did  not  occur  to  us  till  we  had  finished  the  investigaUon, 

and  it  would  have  required  the  whole  to  be  changed.     The 

flperation  in  pages  485  and  436  is  another  source  of  error. 

But  these  errors  are  very  inconsiderable  when  the  aperture 

»  moderate.     They  increase  for  the  most  part  with  an  in- 

CKaae  of  aperture,  but  not  in  the  proportion  of  any  regular 

fimctioii  of  it ;   so  that  we  cannot  improve  the  formula  by 

any  manageable  process,  and  must  be  contented  with  it. 

The  errors  are  precisely  the  same  with  those  of  Dr  Smith's 

tbcorany  and  indeed  with  those  of  any  that  we  have  seen, 

whidi  are  not  vastly  more  complicated. 

Aa  this  is  to  be  frequently  combined  with  subsequent 
operations,  we  sliorten  the  expression  by  putting  /  for 

-     *     (  f J  -5-.     Then  ^  -  ^  will  express  the  aber- 

ratioo  of  the  first  refraction  from  the  focal  distance  of  an 
infinitely  slender  pencil ;  and  now  the  focal  distance  of  re- 
fracted rays  is/=:  ^  —  ^  •. 
If  the  incident  rays  are  parallel,  r  becomes  infinite,  and 


^  —  1       e^  1 

^= y—  At'  "s-.     But,  in  this  case,  it  becomes  =  — ,  and 


Im— 1                    ma          ,,,                   fif?  A 
-r-  =: ,  and  ^  = j^,  and  r  /  becomes  j- tt-, 

^  -Hr  '^  "F  >^  -2-'  =a(m-l)ma-  ^'"'^  "^  ^^ 
aberration  of  extreme  parallel  rays. 

We  must  now  add  the  refraction  of  another  surface. 

Ltmma  £.  If  the  focal  distance  A  6  be  changed  by  a 
small  quantity  G  g^  the  focal  distance  A  H  will  also  be 
changed  by  a  smidl  quantity  H  A,  and  we  shall  have 


mA&:A.fF  =  Gg'.nh, 

r,  )IA,U(lthc>|Krpen£culaKGi,  H  Jc.  Tl 
(be  aaes  (^  the  lagles  of  imndencc  arc  in  a  o 
itant  niJo  bi  the  noe  of  ibe  sngies  of  lefracUon,  ud ' 
laatmeats  of  tbeae  *in>l]  an^es  are  pn^iortional  lo  lli 
iacraneata  of  the  nnea,  these  incrcraeDts  of  the  aogk  n 
ia  the  ane  OKHUiit  ixba     Tbeiefere, 

We  have  the  n^  C  M  |r  to  H  MA  asm  to  1. 
Nmt  G^:Gt  =  AG:AM, 

and  Gi:hk  =  mAG.HA, 

and  Ait:  HA=MA:  AH: 

therefore  G^:HA  =  »i-AG=:Air. 

The  easest  and  most  penpicuous  method  for  obuuif" 
the  aberration  of  rays  twice  re&acted,  will  be  to  axsia- 
the  first  refraction  as  not  haTing  any  aberratioD,  anddet^ 
mine  the  aberration  of  the  second  refraction-  Tiien 
cdvc  the  focus  of  the  first  refraction  as  shifted  bj  dieibtfr 
ration.  This  will  produce  a  change  in  the  focal 
of  the  !<econd  refraction,  which  may  be  dctertnined  b;  cb 
Lemma. 

Prop.  II.  Let  A  M,  B  N  (Fig.  10.)  be  two  spherai 
surfaces,  including  a  refracting  substance,  and  having  thar> 
centres  C  and  c  in  the  line  A  G.  Let  the  ray  a  A  p«l 
through  the  centres,  which  it  will  do  without  refraclia 
Lot  another  ray  tn  M,  tending  to  G,  be  refracted  by  the 
first  surface  into  M  H,  cutting  the  second  surface  in  N, 
where  it  is  farther  refracted  into  N  I.  It  is  required  le 
determine  the  focal  distance  BI  ? 

It  is  piwn  that  the  sine  of  incidence  on  the  second  m- 
face  is  to  the  sine  of  refraction  into  the  surrounding  aira 
]  to  «i.     Also  B  I  may  be  determined  in  relat 

by  means  of  B  H,  N  x,  B  c,  and  — ,  in  the  same  way  iW 

A  H  was  determined  in  relation  tu  A  G,  by  means  of  AG 
M  X,  A  C,  and  m. 

Let  the  radius  of  die  second  surface  be  b,  and  letf 
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express  the  semi-aperture,  (because  it  hardly  differs  from 
N  ;r.)     Also  let  «  be  the  thickness  of  the  lens.     Then  ob 
aerve,  that  the  focal  distance  of  the  rays  refracted  by  the 
first  surface,  (neglecting  the  tl^ickness  of  the  lens,  and  the 
aberration  of  the  first  surface),  is  the  ^stance  of  the  radi- 
ant point  for  the  second  refraction,  or  is  the  focal  distance 
of  rays  incident  on  the  second  surface.     In  place  of  r, 

therefore,  we  must  take  ^ ;  and  as  we  make  Je  =  — — — »   / 

a        r 

m  order  to  abbreviate  the  calculus,  let  us  now  make  /  =: 

-r  *-  — ;  and  make  --.  =  -- mL  as  wc  made  —  =  — 

b        P  /        *  ^        a 

-— .     Lastly,in  place  of  ^  =  ^?^^(A;^  —  -^)^ 


P     )   2' 


Thus  we  have  got  an  expression  similar  to  the  other ; 
and  the  focal  distance  B  I,  after  two  refractions,  becomes 
BI=/— /^^ 

But  this  is  on  the  supposition  that  B  H  is  equal  to  ^, 
whereas  it  is  really  ^  —  ^  ^  —  «.  This  must  occasion  a 
diange  in  the  value  just  now  obtained  of  B  I.    The  source 

of  the  change  is  twofold.  1*^,  Because,  in  the  value  — 
—  -,  we  must  put  t—  •- — -^s-z »  and  because  we  must 

p  ^        O         ^  —  9^ '  — « 

m^  P 
do  the  same  in  the  fraction .     In  the  second  place, 

when  the  value  of  B  H  is  diminished  by  the  quantity  ^  s 
+  •>  B  I  will  suffer  a  change  in  the  proportion  determined 
by  the  2d  Lemma.  The  first 'difference  may  safely  be  ne- 
glected, because  the  value  of  ^  is  very  small,  by  reason 


e 


of  the  co-cflicient  —  being  very  small,  and  also  because 


the  Tanatiun  bears  a  very  small  ratio  to  the  quantity  m 
when  the  true  value  of  ^  differs  but  little  from  that  df  || 

lantity  for  which  it  is  employed.     The  chief  cbanii 
i      is  that  which  is  determined  by  the  Lemma. 
fi3re  take  from  BI  the  variation  of  BH,  multipliedd 

■  ,  which  is  very  nearly  =  — -^ — .      The  product  of 

,   this  muhiplication  is  mf- 1  -\ — '-^ — .     This  being  taka 

from  f,  leaves  us  for  the  value  of  B  ly— ■    ^'~~P 

(m'  +  O- 

In  this  value,/  is  the  focal  distance  of  an  infinitely  tlo. 
der  pencil  of  rays  twice  refracted  by  a  lens  having  no  thick- 
ness, "  — '^  is  the  shortening  occasioned  by  the  tlutk- 

ness,  and/'  (mf-\-/)  is  the  effect  of  tlic  two  abemlina 
arising  from  the  aperture. 

It  will  be  convenient,  for  several  eoUftteral  purpow,  lo 
extemunate  from  these  formulte  the  quantities  Ar,  ^  Md  f . 

For  tWs  purpose  make^~  = -.     We  have  already  h 


—  ;  and  /  =  ■; 
r  V      a      ma     mr  o 

1  1       „       ^     1       1      .  1 

h .    Now  for  7 wnte  —  - 

ma      mr  b      a  » 


=s 


Hetf=: • .     ThCTefwe  -.==,— m/ (by con- 

ma      mr      n  J      ^ 

1        1      1 
•traction,  page  438,  Prop.  II.)  becomes  =s  -  —  -  +  -  + 

n— 1      1 


This  last  value  of  y ,  (the  rBciprocal  of  the  foou  of « 
atcnder  pendl  twice  refracted),  viz.  — — —  +—>»''*■ 
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mipkst  that  can  be  imagined,  and  makes  n  as  a  substitute 
tor  —  "^  x '  ^  ™^^  useful  symbol,  as  we  shall  frequently 

find  in  the  sequel.  It  also  ^ves  a  very  simple  expression 
of  the  focal  distance  of  parallel  rays,  which  we  may  call 
die  prindpal  focal  distance  of  the  lens,  and  distinguish  it 

1        tn       1 

ir  future  by  the  symbol  p ;  for  the  expression  ~  = 

1  1        m        1 

+  — ,  becomes  —  = when  the  incident  \uiht  is  pa- 

r  p  n  -©         r 

iDeL    And  this  g^ves  us  another  very  simple  and  useful 

metsuie  ofy*;  for  -— ■  becomes  = 1-  — .       These  equa- 

1        m— 1       1     1       m  — 1  1         11 

tiOM-5s= +— ,  —  = ,  and  -7r=  — +  -^, 

J  n      ^  r'  p  n  J        P       ^ 

dtterrc  therefore  to  be  made  very  familiar  to  the  mind. 

We  may  also  take  notice  of  another  property  of  n.     It 

is  balf  the  radius  of  an  isosceles  lens,  which  is  equivalent 

to  the  lens  whose  radii  are  a  and  b :  for  suppose  the  lens 

to  be  isosceles,  that  is,  a  =  6 ;  then  n  = .      Now, 

a        a 

the  second  a  is  negative  if  the  first  be  positive,  or  positive 
if  the  first  be  negative.     Therefore  —  —  -^  =  ^^  = 

"i"  =  — ,  and  —  =  ~,  and  n  =  ■^.     Now  tlie  focal  dis- 

to»ce  of  this  lens  is ,  and  so  is  that  of  the  other, 

n 

«id  they  are  equivalent 
But,  to  proceed  with  our  investigation,  recollect  that  we 

~#~^  ~3-«     Therefore  m  '  +  ',  the  aberration  (neglecting 


I 
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i»— 1  /ifc*      if 

the  thickness  of  the  lens)  is/* { —  —  —  —  m'  /' 

'  ffi     \^         ^ 


+ 


ml'\  e' 


-■) 


If  we  now  write  for  k,  I,  and  ^,  their  value  as  determin- 
ed abovci  performing  all  the  necessary  multiplications,  and 
arrange  the  terms  in  such  a  manner  as  to  collect  in  one 
sum  the  co-efficients  of  a,  n,  and  r,  we  shall  find  4  terms 
for  the  value  of  m  ^,  and  10  for  the  value  of  ^.     The  4* 
are  destroyed  by  as  many  with  contrary  signs  in  the  valu^ 
of  ^,  and  there  remain  6  terms  to  express  the  value  of  fit 
+  ^,  which  we  shall  express  by  one  symbol  q ;  and  the 
equation  stands  thus : 

4w  +  4     8m  +  2\  ^ 


+ 


n    J 


am    ^     t^n    /    2' 
The  focal  distance,  therefore,  of  rays  twice  refracted^ 
reckoned  from  the  last  surface,  or  B  I,  corrected  for  aber- 


*m 


ration,  and  for  the  tliickness  of  the  lens,  is/— /  — 3-  — 

/'-'  5,  consisting  of  three  parts,  viz./  the  focal  distance  of 

ffi  * 
central  rays;  /*-t3-,  the  correction  for  the  thickness  of 

the  lens  ;  and/-  q  the  aberration. 

The  above  formula  appears  very  complex,  but  is 
of  very  easy  management,  requiring  only  the  prepanip 
tion  of  the  simple  numbers  which  form  the  numerators 
of  the  fractions  included  in  the  parenthe^.  When 
the  incident  rays  are  parallel,  the  terms  vanish  which  have 
r  in  the  denominator,  so  that  only  the  three  first  terms  arc 
used. 

Wc  might  here  point  out  the  cases  which  reduce  thc^ 
aberration  expressed  in  the  formula  last  referred  to,  to 
tiling ;  but  as  they  can  scarcely  occur  in  the  obji 

S 
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of  a  teleaoc^,  we  omit  it  for  the  present,  and  proceed  to 
the  combination  of  two  or  more  lenses. 

Lemma  3.  If  A  G  be  changed  by  a  small  quantity  G^, 
BI  suffers  a  change  I «,  and  Gg-:  I  i=  A  G« :  B  P.  For 
it  is  well  known  that  the  small  angles  G  M  ^  and  I  N  i  are 
equal ;  and  therefore  their  subtenses  G  ft,  I  n,  are  propor- 
tional to  M  G,  N  I,  or  to  A  G,  A  I,  nearly  when  the  aper- 
ture is  moderate.     Therefore  we  have  (nearly) 

Gk:  In:  AG:  BI 
In:  Ii  =  AM  :BI 
G^:  Gfc  =  AG:  AM 
Therefore  Gg- :  I  i  =  AG^ :  BV 
Prop.  III.     To  determine  the  focal  distance  of  rays  re- 
firacted  by  two  lenses  placed  near  to  each  other  on  a  com- . 


Let  A  M,  B  N  (Fig.  11 .)  be  the  surfaces  of  the  first  lense, 
C  O,  D  P  be  the  surfaces  of  the  second,  and  let  fi  be 
%.he  thickness  of  the  second  lens,  and  i  the  interval  between 
^bem.  Let  the  radius  of  the  anterior  surface  of  the  second 
lens  be  a',  and  the  radius  of  its  posterior  surface  be  V. 
^Let  m'  be  to  1  as  the  sine  of  incidence  to  the  sine  of  re- 
fraction in  the  substance  of  the  second  lens.  Lastly,  let  p' 
\ie  the  principal  focal  distance  of  the  second  lens.  Let  the 
^treme  or  marginal  ray  meet  the  axis  in  L  after  passing 
tiiTough  both  lenses,  so  that  DL  is  die  ultimate  focal  dis- 
"bmce,  reckoned  from  the  last  surface. 

It  is  plain  that  DL  may  be  determined  by  means  of /i^, 
ft',  m',  p*,  and  C  I,  in  the  same  manner  that  BI  was  deter- 
xnined  by  means  of  a,  d,  m,  /?,  and  AG* 

The  value  of  B I  is^*—  m  «  ~  — /-  q.     Take  from  this 

the  interval  >,  and  we  have  C  I  =/ — m«^  — ^'—f'9' 

Let  the  small  part  —  w  *  *^  —  ^  — /^  q  be  neglected  for 
^he  present,  and  let  C  I  be  supposed  =/.     As  we  formed 
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Wo  consider  it  as  another  advantage  of  Mr  C 
method,  that  it  gives,  hy  the  way,  fonnula;  fortbeipc 
ordinary  questions  in  optics,  which  are  of  wonderful  m 
plicity,  and  most  easily  remembered.  The  chief  pnUn 
in  the  elementary  canstruction  of  optical  instrument!  re 
to  the  focal  distances  of  central  rays.  This  detomi 
the  focal  distances  and  arrangement  of  the  glaaes.  AS 
the  rest  may  be  called  the  refinement  of  optics ;  teidiiif 
us  how  to  avoid  or  correct  the  indistinctness,  the  colouny 
and  the  distortions,  which  are  produced  in  the  ima^lnm 
ed  by  these  simple  constructions.  We  shall  mentioD  il 
of  these  formula;  which  occur  in  our  process,  and  ti 
greatly  to  abbreviate  it  when  managed  by  an  e 
analyt. 

Let  Tn  be  to  1  as  the  sine  of  incidence  to  the  sine  of  n 
fraction ;  let  a  and  b  he  the  radii  of  the  anterior  and  port 
rior  surfaces  of  a  lens  ;  let  r  be  the  distance  of  the  adm 
point,  or  the  focus  of  incident  central  rays,  aiidythe£ 
tance  of  the  conjugate  focus ;  and  let  p  be  the  pniid|iJ  fo- 
cal dbtance  ofthelens,or  tbefocal  distance  of  paralUnjL 


Make 


-  equal  to 


I       I 


;  let  the  eanie  letters,  <■',  K,  t'^ 


&C.  express  the  same  things  for  a  second  lens  ;  and  i^,  I 

r",  &c.  express  them  for  a  third  ;  and  so  on.     Tlw 

have 

1       m  —  I       11       m'  —  1      11        wi"— 1      I  , 

Theretbre  when  the  incident  light  is  parallel,  and  rit 

nite,  we   have  1  =  ^^   1  =  ^^=1;  L^*!^! 
/.  n       p'        n'        f  W 

And  when  several  lenses  are  contiguous,  so  that  thari 
terwils  may  be  neglected,  and  therefore  h,    belonging 

the  first  lens,  becomes   -,   belonging  to   ibc    second,  " 
have 
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1  1         ffl'— 1       w— 1        1  I         I        1 

„  1        m"— 1      m'— 1      wi— 1      1  11,1 

I 

r' 

NoUitng  can  be  more  easily  remcmborcd  than  tliesc  for- 
mih^  bow  numerous  soever  the  glasses  may  be. 

BBving  Uius  obtained  the  necessary  analysis  and  formula, 
■t  noir  remans  to  apply  them  to  the  construction  of  achro- 
matic lenses ;  in  whieh  it  fortunately  happens,  that  the  em- 
ployment of  several  surfaces,  in  order  to  produce  the  union 
cjf  the  difTereiitiy  refrangible  rays,  enables  us  at  tbe  samo 
time  to  employ  them  for  correcting  each  other's  spherical 
aberraticm. 

A  white  or  compounded  ray  is  separated  by  refraction 

into  its  component  coloured  rays,  and  they  are  diffused  over 

A  small  angular  space.     Tiius  it  appears,  that  the  glass 

UMd  bj  Sir  Isaac  Newton  in  hia  experiments  diffused  a 

^fhha  fay,  which  was  incident  on  its  posterior  surface  in  an 

lU^ecfSO",  in  such  a  manner  that  the  extreme  red  ray 

emerged  into  air,  making  an  angle  of  50°  21  J'  with  Uie 

fieqiendicular ;  the  extreme  violet  ray  emerged  in  an  angle  ' 

of  51°  15|';  and  tbe  ray  whicli  was  in  the  confines  of  green 

Utd  blue,  emerged  in  an  angle  of  50^  48^'     If  the  sine  of 

(lie  angle  30°  of  incidence  be  called  0,5,  which  tt  really  is, 

lie  sine  of  the  emergence  of  the  red  ray  will  be  0,T7 ;  that 

of  ibe  violet  ray  will  Ik  0,78 ;  and  that  of  the  intermediate 

Uy  will  be  0,77  j,  nii  exact  mean  l>ctween  the  two  extremes. 

This  ray  may  therefore  be  called  the  mean  refrangible  ray, 

•nd  tlic  ratio  of  77i  to  50,  or  of  1,55  to  1,  will  very  pro- 

pffly  express  the  mean  refraction  of  this  glass ;  «nd  wc 

hne  for  this  glass  m  =  1,55.     The  ane  of  reliraction, 

liritig  measured  on  a  wale,  of  wliicii  ihc  sine  of  incidence 


iraccioD  wmcn  u  proauces ;  inai  is,  oy  uie  cuan 
it  makes  in  tfae  directum  of  the  light,  or  the  angle  c 
between  the  incident  and  refracted  rays.  If  two  m 
produce  such  deviations  always  in  one  proportaon,  i 
then  say  that  their  refractive  powers  are  in  that  {k 
This  is  not  true  in  any  substances ;  but  the  sum 
angles,  contained  between  the  refracted  ray  and  tb 
dicular,  are  always  in  one  proportion  when  the  oij 
cidenoe  in  both  substances  is  the  same.  This  beii 
nisable  function  of  the  real  refraction,  has  them 
assumed  as  the  only  convenient  measure  of  the  ] 
powers.  Although  it  b  not  strictly  just,  it  am 
tremely  well  in  the  most  usual  cases  in  optical  insti 
the  refractions  are  moderate ;  and  the  sines  are  Ve 
as  the  angles  ccmtained  between  the  rays  and  die  ] 
cular ;  and  the  real  angles  of  refraction,  or  defledin 
mys,  are  almost  exactly  proportional  to  m — 1.  1 
natural  and  obvious  measure  of  the  refractive  powi 
therefore  be  m— 1.  But  this  would  embarrass  ti 
frequent  calculations;  and  we  therefore  find  it  bei 
whole,  to  take  m  itself  for  the  measure  of  the  i 
power. 
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It  is  BUBoqptible  of  degrees ;  for  a  piece  of  flint  glass 
wSl  re&act  the  light,  so  that  when  the  ane  of  refraction  of 
the  red  raj  is  77,  the  sine  of  the  refraction  of  the  violet  ray 
is  nearly  78^ ;  or  if  the  sine  of  refraction  of  the  red  raj, 
measured  on  a  particular  scale,  is  1,54,  the  sine  of  refrac- 
tion of  the  violet  raj  is  1,67.  The  dispersion  of  this  sub- 
stance, being  measured  bj  the  difierence  of  the  extreme 
aoes  of  refraction,  is  greater  than  the  dispersion  of  the 
other  glass,  in  the  proportion  of  3  to  8. 

But  this  alone  is  not  a  sufficient  measure  of  the  absolute  - 

dsperrive  power  of  a  substance.     Although  the  ratio  of 

1|54  to  1,66  remains  constant,  whatever  the  real  magnitude 

of  the  refractions  of  common  glass  may  be,  and  though  we 

therefore  say  that  its  dispersive  power  is  constant,  we  know, 

that  bj  increasing  the  incidence  and  the  refraction,  the  ab- 

iDhite  dispersion  is  also  increased.  Another  substance  shows 

the  swne  properties,  and  in  a  particular  case  may  produce 

the  same  dispersion ;  yet  it  has  not  for  this  sole  reason  the 

Mne  dispersive  power.     If  indeed  the  inddence  and  the 

tafkaetion  of  the  mean  ray  be  also  the  same,  the  dispersive 

mcr  cannot  be  siud  to  differ ;  but  if  die  inddence  and 

!ie  refraction  of  the  mean  ray  be  less,  the  disperuve  power 

nst  be  considered  as  greater,  though  the  actual  dispersion 

'  the  same ;  because  if  we  increase  the  incidence  till  it  be- 

nea  equal  to  that  in  the  common  glass,  the  dispersion 

I  now  be  increased.     The  proper  way  of  conceiving  the 

lerrion  therefore  is,  to  consider  it  as  a  portion  of  the 

le  refraction  ;  and  if  we  find  a  substance  making  the 

}  dispersion  with  half  the  general  refraction,  we  must 

hat  the  dispersive  quality  is  double ;  because  by  mak- 

iie  refraction  equal,   the  dispersion  will  really  be 

e. 

hereforc  wc  take  m  as  a  symbol  of  the  separation  of 

trcme  rays  from  tlie  middle  ray,  r-  is  the  natu- 

\sure  of  the  dispersive  power.   Wc  shall  express  this 
III.  2  F 
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in  the  Labnitzian  notadon,  thus  — -,  that  we  may  avoi-^ 


the  indistinctness  which  the  Newtoman  notation  would 
canon  when  m  is  changed  for  m'  or  m". 

It  is  not  unusual  for  optical  writers  to  take  the  whole 
paraxon  of  the  red  and  violet  rays  for  the  measure  of 
dispersive  power,  and  to  compare  this  with  the 
power  with  respect  to  one  of  the  extreme  rays.  But  it  i 
surely  better  to  consider  the  mean  refraction  as  the 
of  the  refracting  power ;  and  the  deviation  of  either  of  the 
extremes  from  this  mean  is  a  proper  enough  measure  of  the 
dispersion,  being  always  half  of  it.  It  is  attended  inth  this 
convenience,  that  b^g  introduced  into  our  compatatuns 
as  a  quantity  infinitely  small,  and  treated  as  such  for  the 
ease  of  computation,  while  it  is  really  a  quantity  of  seiuibfe 
magnitude ;  the  errors  arising  from  this  suppontioa  axe  diU 
minished  greatly,  by  taking  one  half  of  the  deviatioo  and 
oompanng  it  with  the  mean  refraction.  This  method  has, 
however,  this  inconvenience,  that  it  does  not  exhilnt  at  once 
the  refractive  power  in  all  substances  respecting  any  parti- 
cular colour  of  light,  for  it  is  not  the  ray  of  any  parti- 
cular colour  that  suffers  the  mean  refraction.  In  common 
glass  it  is  the  ray  which  is  in  the  confines  of  the  ydlow  and 
blue ;  in  flint-glass  it  is  nearly  the  middle  blue  ray ;  and  b 
other  substances  it  is  a  different  ray.  These  circumstances 
appear  plainly  in  the  different  proportions  of  the  colours  of 
the  prismatic  spectrum  exhibited  by  different  substances. 
This  will  be  considered  afterwards,  being  a  great  bar  to  the 
perfection  of  achromatic  instruments. 

The  way  in  which  an  achromatic  lens  is  constructed,  is 
to  make  use  of  a  contrary  refraction  of  a  second  lens  to  de- 
stroy the  dispersion  or  spherical  aberration  of  the  first. 

//ffi 
The  first  purpose  will  be  answered  if  —  be  equal  to 

jj  _,/ 
—  — ;-.     For,  in  order  that  the  different  coloured  rays 

may  be  collected  into  one  point  by  two  lenses,  it  is  only  ne- 
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that  ji^  the  reciprocal  of  the  focal  distance  of  rays 
refiacted  by  both,  may  be  the  same  for  the  extreme  and 

mean  rays,   that  is,  that   — -J- 1 Z 

+  s  beofthesame  value  with — — — |-  — ^^  H — ;which 
r      •  n  n         r 

^  ,  .«dm  ,  dm',  ^         dm  dm' 

miut  happen  if  —  +  — ;-  be  =  0,  or 


n         n  n  n 

This  may  be  seen  in  another  way,  more  comprehendble  by 
such  as  are  not  versant  in  these  discussions.  In  order  that 
the  extrnnne  colours  which  are  separated  by  the  first  lens 
may  be  rendered  parallel  by  the  second,  we  have  shown 
already  that  n  and  n'  are  proportional  to  the  radii  of  the 
equivalent  isosceles  lenses,  being  the  halves  of  these  radii. 
They  are  therefore  (in  these  small  refractions)  inversely 
proportional  to  the  angles  formed  by  the  surfaces  at  the 
edges  of  the  lenses,  vl  may  therefore  be  taken  for  the 
angle  of  the  first  lens,  and  n  for  that  of  the  second.  Now 
the  nnall  refiraction  by  a  pnsm,  whose  angle  (also  small) 

ll  fi',  is  m— 1  X  n\     The  dispersive  power  being  now  sub- 

Hituted  for  the  refractive  power,  we  have  for  this  refraction 

of  the  prism  dmxn'.    This  must  be  destroyed  by  the  op- 

^  poate refraction  of  the  other  prism  dm'  x^'     Therefore 

d-.       f       J    .              dm          dm'      ^     ^*, 
mxn'  =zdm'x  w,  or  —  = -.     In  hke  manner, 

n  n' 

tins  cfiiBct  will  be  produced  by  three  lenses  if 1 j— 

in" 
+  — r-  be  =  0,  &c. 
n"  ' 

I^sdy,  the  errors  arising  from  the  spherical  figure  which 

^  expressed  by —  R^  (q  +  g)  will  be  corrected  if  g  +  j'be 

sO.    We  are  therefore  to  discover  the  adjustments  of  the 

quantities  employed  in  the  preceding  formula;,  which  will 

"*urc  these  conditions.     It  will  render  the  process  more 

5 


4W 

pen|)ksiiou8  if  we  eollect  into  one  vjibw  the  ■^g"'^fimi 
our  Taiious  sTmbols,  and  the  prin^pl  equalioDS  lASek 
tote  to  emplo  J. 

1.  The  ratios  to  umtj  of  tbe  anes  of  mtan 
incidence  in  the  diflfereat  media  are  ■»  a^t  n^ 

2.  TheratioofthediffiHieDoesoftbenieaaf 

theextiemes  .  .  -  aZ^^^' 

&  The  ratio 


m'— 1 
4.  Theradtioftfaesur&oee  o^  £;  aT,  A;  iT^K 

'    5.  The  prindpal  focal  distance^  or  die  fecal 
distances  of  parallel  central  ray%  '    f»f%f^' 

6.  Thefbcal  distance  of  the  oompoond  lens  '*?• 

7.  The  distance  of  the  radiant  point,  or  of 
the  fixnis  of  incident  rajs  on  each  kna  ft^*^ 

&  The  fixal  distance  <^  the  rqra  refiaetod 
by  each  lens  .  •  •       ,$$f^^f* 

9.  The  focal  distance  of  laya  refiacted  by 
the  compound  lens  -  -        -  F. 

10.  The  half  breadth  of  the  lens  t 
Also  the  following  subsidiary  values  r 

,    ,1_1     1     1  _1      1      1      1       1 

*i!?±l)+i^'\J..    Andirandy^mustheftnid 

in  the  same  manner  from  m',  a',  i*',  r';  and  fiom  fK,r, 
n*,  r*,  as  g  is  formed  from  iti,  a,  n,  r. 

8.  Also,  because  in  the  case  of  an  object-l^bw,  r  isfflt 

nitelj  great,  the  last  term  -  in  all  tbe  traluesof  ^,  j^  jm 
^i  pry  will  vanish,  and  we  shall  also  have  F  ssP. 


TBIJL8C0PS.  468 

Therefore,  in  a  double  object-glass,  ^  =  — ^ 1 — — , 

And  in  a  triple  object-glass  j^  =        ,     +  — -^ —  + 

jt  "^  ft 

Also,  in  a  double  object-glass,  the  correction  of  spheri- 
cal aberration  requires  q^g[  =  v. 

And  a  triple  object-glass  requires  g  +  jf'  +  9^  =  v«  For 
the  whole  error  is  multiplied  by  F^,  and  by  |  ^ ;  and 
Ihefefbre  the  equation  ^irhich  corrects  this  error  may  be  di- 
vided by  F«i^. 

Tlus  equation,  in  the  preceding  page,  7th  line  from 
die  bottom,  giving  the  value  of  q^  ^,  j'/,  may  be  mudi 
■mpfified  as  follows :  In  the  first  place,  they  may  be  di- 
vided by  m,  m'j  or  m\  by  applying  them  properly  to  the 
terms  within  the  parenthesis,  and  expunging  them  from 

the  denominator  of  the  seneral  factors , r->  — 7— 

Thk  does  not  alter  the  values  of  g,  ^y  and  ^.     In  the  se- 
cond place,  the  whole  equations  may  be  afterwards  divided 

by  m^— 1.     This  will  give  the  values  of  — r— t>     _/    ■,, 
^  ^  m  —1      wr— 1 

and      '^  y,  which  will  still  be  equal  to  nothing  if  7  -f  ^ 

-^  ^  be  equal  to  nothing. 

w'— 1 
Tins  division  reduces  the  general  factor  — 7—  of  j*  to 

I  .  . 

--7-    And  in  the  equation  for  g  we  obtain,  in  place  of  the 

fcncral  fiuAor  — ^ ,  the  factor  —, — r,  or  c.    This  will  al- 

m  m'— r 

so  be  the  factor  of  the  value  o(^'  when  the  third  lens  is  of 
vie  same  suhstance  with  the  first,  as  is  generally  the  case. 
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Andy  in  the  third  place,  ance  the  rays  incident  on  the  fii 
lens  are  paraUel,  all  the  terms  vanish  from  the  value  of 

in  which  --  is  found,  and  there  remain  only  the  three  firsts 

T 

m?      2w?-^m      111+2 

VIZ.    — ^— • 5        -f*    — = . 

Performing  these  operations,  we  have 
Q  fm-       2  m  + 1       m 

m'— 1  \r?  av?         m 


_2;_     /m"_  2m^fl       m^+a      3m'+l      A>(m'+l) 

g^^  /m»_2m+l      ^  +  2       3tyi+l     4(im-l) 

8m+2  W 
wVn  /  2 

Let  us  now  apply  this  investigation  to  the  construction 
of  an  object-glass ;  and  we  shall  begin  with  a  double  lens. 

Construction  of  a  Double  Achromatic  Obfect^Glass. 

Here  we  have  to  determine  four  radii  a,  by  a\  and  b\ 

Make  n  =  1 .     This  greatly  simplifies  the  calculus,  by  ex- 

terminating  it  from  all  the  denominators.     This  ^ves  for 

^,                   dm      dm'        ^     .  .        ,  dmf 

the  equation  —  H j-  =  0,  the  equation  dm  +  — 7 


n         n' 


=  0,  or  dm  = 5  and  -,=:—  t— ,,  =  — u.     AJU 

so  we  have  r,  the  focal  dbtance  of  the  light  incident  on 
the  «econd  lens,  the  same  with  the  principal  focal  distance 
p  of  the  first  lens  (neglecting  the  interval,  if  any).     Now 

^  =  —  -  ,  which,  in  the  present  case,  is  =  m— 1.  Also 
Ty  is=  —  u  (m'  — 1),  and  p.  =  m  — 1  —  w  (iff  —  1) 
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Hake  these  substitutions  in  the  values  of  — —^  and 

m— 1 

w^9  and  we  obtain  the  followmg  equation: 

a         ^     mar  o, 

••(m'+2)  ,,  ^  4m(w'+1)(«i— 1) 

y(8»i^-fg)(m— 1)»  _ 

Anuige  these  terms  in  order,  according  as  they  are  fac- 
*<*Bof  ^,  ->  -^>  ^/>  or  independent  quantities.  It  puts 
oa  this  form : 

«»  a*  ^  ^      a  m'  a* 

(^/A    /_i.t\      4jw(t»'+ 1)  («w — 1)\      1^      ,       -,o   , 
ii»(8i»'+l) 5^ ^p -'jx  j  +  cw«  +  tt«(3m' 

+  1)  (w— 1) — m'  m'*  —  -r-^ T^ =  0. 

Let  A  be  the  coefficient  of  -^,  B  that  of  -,  C  that  of 
^5,  D  that  of  - ,  and  E  tlie  sum  of  the  independent  quan- 
tity; that  is,  let  A  be  =^-^^^-i^,  B  =  c  (2m+  1),   C 

— S? — »^  =  '*  (2^+2) ^? 

E  =  cm^  +  tt^  (3m'  +  l)  (m  —  1)  —  w' f»'*  ^ 
<8w^-fg)(m— ly 

HI' 

Our  final  equation  becomes 
Jk        B         C        D    .  ^       ^ 
a        a'*        a 


^Hie  coefiidents  of  this  equation,  and  the  independent 
qmBantity,  are  all  known,  from  our  knowledge  of  w,  m',  dwi. 


dm^  flMlvette  to  tadfht'nkamdt mtmd,^ 
AcBads  =  l  to  find  dke  inlBBB  of  i  aA  y. 

But  it  is  eiideotlj  an  indeleEHiMle  cyiin«j 
there  are  two  nnlmirTn  niiiitf ila  ■ :  ooflnd  dioe 
an  infioilj of  aalntioiii.    Itnnitbe 
bjr  meut  of  tooK  aCher  cm&ioBa  to 


fiHnilanoci  vUcli  maj  clireot  oar 

One  dreomstanoe  oocoim  to  of  vUdi  «•  ikiri^  ^^ 
gicat  oooseqnenoe.  In  the  paa^e  of  %^  finoM 
itanoe  to  aBoCher^  there  is  afamjFO 
fleeted  fiom  the  posterior  sm&De  of  I 
anterior  surfiue  of  the  httt;  anitUs 
pious  in  proportion  to  the  re&nctian.  TUsloBof^il 
win  therefixe  be  dnunidied  by  ■■^^■'^  iBbtt  iatafnl  9» 
fiioes  of  the  lenses  to  coincide ;  thati%  hj  mdamgh^tt. 
This  win  be  attended  with  wrther  nJialsy .  Ifwp* 
between  the  glssscw  a  substance  of  neaily  ihe  a— oi^Mt^ 
ing  power,  we  shaU  not  onlj  jDomplelely  prevent  Aiilo0 
of  light,  but  we  shaU  greatly  dim™*^  the  cnois  ynaok 
arise  from  an  imperfect  polish  of  the  soi&oes.  We  hsfc 
tried  this,  and  find  the  effect  rerj  surprising.  The  loi 
bebg  polished  immediately  after  the  figure  has  been  pip 
it,  and  while  it  was  almost  impervious  to  fight  by 
of  its  roughness,  which  was  stiU  senaMe  to  the  nak 
performed  as  well  as  when  finJgliAil  in  the  finest 

N.  B.    Thb  condition,  by  taking  away  one 
obliges  us  to  increase  those  whidi  remain^  and  theRfiae** 
creases  the  spherical  aberrations.     And  since  our  fiaHii 
does  not  fully  remove  those  (by  reason  of  the  smaO  qnnii- 
ties  n^lected  in  the  process),  it  is  unoertun  wfaedier  tb 
condition  be  the  most  el^le.      We  have,  howrw, » 
direct  argument  to  the  contrary. 

Let  us  see  what  determination  this  gives  us. 

In  this  case  -.  =  1  -  i  «  1,    Fear  because  -  =  -  - 


a 
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^•nd  n  =:  1^  we  have  1  +  j;,  =r  ^,  and  jr  =<  ^  «^1.  There- 

112 
file  ^  =  T—  -  +1.     Therefore,  in  our  final  equation, 

pot^—  -  +  1  m  place  of—  and 1  in  place  of  — 

and  it  becomes  :^t=£_?J:^=29+E  +  D  — C  =  0. 


a* 


Thus  have  we  arrived  at  a  common  afiected  quadratic 
equation,  where  ^  is  the  unknown  quantity.     It  has  the 

nmmon form^^p*  +  ga?  +  r  =  0,  where^.is  =  A  —  C,  q 
ii  equal  to  S  C— B— D,  r  is  equal  to  £  +  D  —  C,  and  *  is 

cqoaltO'*. 

Divide  the  equation  by  p,  and  we  have  ^  +   %  x  +   - 

s  Oi  Make  «  =  2  and  /  =  ^  and  we  have  a^  +  9  x  +  t 

P  P 


1 


s  0,  This  gives  us  finally  -.,  or4f  =  — i^zlzv'i  **— <• 

1  . 
This  value  of  --  is  taken  from  a  scale  of  which  the  unit 

a 
Vlldf  the  radius  of  the  isosceles  lens,  which  is  equivalent  to 
diO  first  lens,  or  has  the  same  focal  distance  with  it.    We 

ttoit  then  find  (on  the  same  scale)  the  value  of  &,  viz. ty 

^  a 

^ttcfa  is  also  the  value  of  a\   Having  obtained  a'' ,  we  must 
tad  i'  by  means  of  the  equation  ^  =  i-  —  ^^  and  there- 

*^  x5=-r  —K  But  1.  =  tt.  Therefore^,  =^7  +  t«,  = 
b     a^       n*  n  ha 

1 

j  +  tt-1. 

Thu9  is  our  object-glass  construct^ ;  and  w^  must  deter- 
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mine  its  focal  dbtance,  or  its  redpiocal  ^  Tfaiiii=:»-1 

—  tt(m' — 1.) 

All  thes6  radii  and  distances  are  measured  co  a 
which  n  is  the  unit.     But  it  is  more  oonYement  to 
every  thing  by  the  focal  distance  of  the  oompomid  oljeEt- 
glass.     This  gives  us  the  proportion  whidi  all  the  S^lam 
bear  to  it.     Therefore  calling  P  unity,  in  order  to  dHan 

i  on  this  scale,  we  have  only  to  state  the  analogy  m  —  l—i 

(m'— 1)  :  1  =  -  •  -r-y  and  A  is  the  radius  of  our  fintnr- 

a     A 

face  measured  on  a  scale  of  which  P  is  the  umt. 

If,  in  the  formula  which  expresses  the  final  equatkm  fir 

-^  the  value  of  t  should  be  podtive,  and  greater  than  \fj 

the  equation  has  imaginary  roots;  and  it  is  notpoeableiitii 
the  glasses  employed,  and  the  conditions  assumed,  to  oonect 
IxHh  the  chn>niatic  and  spherical  aberrations. 

If  ( is  motive  and  tx][ual  to  i  r,  the  radical  part  of  the 

value  i*  ^  i\  and  -  =  —  i  *.    But  if  it  be  n^ativeor 

(x>^tivc,  but  lc5$  ihan  i  /^«  the  equation  has  two  real  lOots, 
which  will  give  twv^  ivn$cructioD&  That  is  to  be  preferTed 
which  gives  tho  ^ouallosc  curvature  of  the  surfaces;  becauK^ 
MiKv  in  ^Hir  tormuldc  wiuch  determine  the  s^erical  abena^ 
tkH\  AHUo  ^uju\cick:s  ATV  cc^Uvtei  these  quantities  are  al- 
w;i\^  gtKXfttvT  vhca  a  Ur%e  arch  (that  is,  an  arch  of  mnijr 
dc^nx^^  v$  cu*(\\n^  No  rifciius  should  be  admittfd  viikli 
i^t  nuul)  ic«»  th^ii  ^  oc  thie  tUn&I  >^''<r:*iw». 

All  th\:»  |v\\\:^  will  be  cuoe  pLaan  and  easy  by  an  op 

\  «^r\  iurvcu..  cxrvr.r::tf!i:?  biiw  shown,  that  in  nanmnp 
cf\^>fc iv^U:^  t V  sj:x  v£  jao^koLY  »  w»  ihe  sine  of  refrMdoa 
*»  K\A$  »  CO'  i«  4Di  g^«r  :zi  the  ffBoaSrr  offfiot-glanit 
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Am 

is  as  1,604  to  1.    Also  that  ^^  ==  0,6064  =  u.    There- 

«fi  —  1 
fiocem— 1  =  0,526;  w— 1  =  0,604;  c  = 


m'  —  V 

0^87086.  By  these  numbers  we  can  compute  the  coeffi- 
cients of  our  final  equation.  We  shall  find  them  as  foL 
lows:— 

A  =  2,012 

B  =  3,629 

C  =  1,360 

D  =  —0,526 

£  =  1,8659 

The  general  equation  (p.  456. 1.  lO.)*  when  subjected  to 

A— C 
^be  assumed  coincidence  of  the  internal  surfaces,  is s — 

'^^'*'°^~^^  +  E+D  — C  =  0.  A  — Cis=0,662; 
B  +  D  — SC  is  =0,283;  and  E+D  — C  is  =  —  0,020; 

•nd  the  equation  with  numerical  coefficients  is  — *-^ —  — 

Q|888 

— -  0,020  zz  0,  which  corresponds  to  the  equation 


a 


psf  +  qx  +  r  =:0.     We  must  now  make  »  =  — *= 

^.  =  0,434,  and  <  =  ^,  =  -|^,  =  0,0307.   This 

1        0  484 
gives  ns  the  final  quadratic  equation  — j  —  — —  0,0307 

=  0.  To  solve  this,  we  have  —  i  *  =  0,217,  and  ^  «*  — 
0,0471.  From  this  take  ^,  which  is  =  —  0,0807  (that  is. 
Id  0,0471  add  0,0307),  and  we  obtain  0,0778,  the  square 

root  of  which  b  =  0,2789.     Therefore,  finally,  —  = 

0^170  =1=  0,2789,  which  is  dther  0,4969  or  —  0,0619. 
It  is  plain  that  the  first  must  be  preferred,  because  the  se- 
cond pves  a  native  radius,  or  makes  the  first  surface  of 
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the  down-glass  ooiibive.    Niiify  ibs  hiq  conwfgBpBt  of  4|; 

nyn  is  to  be  praduoed  by  die  cmro-|^isi^ 

fim  must  beoome  very  oonyest  and  nrrawcin  greifccnB»l| 

the  computed  abemtion.    We  dwrafim  ictain  O^fHtfiT 

1  1  -'-• 

tbeTalueof— »aiidai8s-^jg|^  =  %010&     ^  ^^^ 

To  obtain  &,  use  the  equatioo  7:= —  — 1»  ^''"^C 
-7- =  — 0,5041,  and  tfaofefote  a  coofiex  smfin*    In 

arbtfaenmewilh&^aiid  — =— fl^SOU. 
Toobbui  ar,  ine  tfe  eqaatiBD 
O^COM^anl  ^=—0,0041.  Tkt mum ctAtmkVm 

and  anee  it  18  posithe,  the  surfiMe  is  coBanre     V 


=  9,S7aL 

Lastly,  ^  =  .1  — l_ii(M'_l)  =  0^im;al7 

Nowy  to  obtain  all  the  mtiaames  in  tenaa  of  die  M 
distance  P,  we  hare  only  to  diride  die  neasoicsdMlf 
ftund  by  MSSS,  and  die  quutimis  are  die 
wanted. 

2,0166 


*  =  ^-aSl  =  — 0iS«98 


i 


^  =  ^^«S  =       IfSBZS 


•  ■I 

p=  .  .  -  .  1.  .. 
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ided  that  the  focal  di?"  Alice  of  the  olyecl- 
dl  be  any  uumbcr  n  of  inches  or  feet,  we  havo 
Dulbply  each  of  the  above  radii  by  n,  and  wc  huvc 
gthfi  ID  inches  or  feet. 

we  have  completed  the  iiiveaiigation  of  the  con- 

ofa  double  object-glasa.  Although  this  was  in< 
he  final  result  is  abundantly  simple  for  practice, 
f  with  the  assietance  of  logarithms.  The  only 
me  thing  is  the  preparation  of  the  numerical  co- 

A,  B,  C,  D,  E  of  the  final  equation.     Strict  at- 
QUBt  also  be  paid  to  the  positive  and  negative  signs 
lantities  employed, 
light  projiose  other  conditions.     Thus  it  is  natural 

for  tlic  first  or  crown-glass  lens  such  a  form  as 
e  it  the  smallest  possible  aberration.  This  will  re- 
imal)  aberration  of  tlie  flint-glass  to  correct  it.  But 
eflectioo  will  convince  us  that  this  form  will  not  be 
The  focal  distance  of  the  crown-glass  must  not  cx- 
•third  of  that  of  the  compound  glass;  these  two 
jarly  in  the  proportion  of  dm'  — dm  to  dm'. 
K  if  this  form  be  adopted,  and  a  be  made  about  Jth 
rill  not  exceed  Jth  of  P.  Therefore,  although  we 
duce  a  most  accurate  union  of  the  central  and  mar- 
fB  by  opposite  aberrations,  there  will  be  a  consider- 
rration  of  some  rays  which  are  between  the  centre 
margin. 

ibsolutely  imposuble  to  collect  into  one  point  the 
.ys  (though  ihe  very  remotest  rays  are  united  witli 
■bI  rays),  except  in  a  very  particular  case,  which  can- 
in  in  an  object-glass;  and  the  small  quantities  which 
Bcted  in  ihe  formula  which  we  have  given  for  die 
1  aberration,  produce  errors  whidi  do  not  follow  any 
im  of  the  aperture  which  can  be  expressed  by  an 
I  of  a  manageable  form.     When  the  aperture  is  very 

u  better  not  ti>  correct  the  aberration  for  llie 
Jcrture,  but  for  about  jtlis  of  it.     When  the  roy 
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oorveqmnding  to  this  distance  are  made  to  coincide  with  the 
central  rajs  by  means  of  apposite  aberrations,  the  rays 
'  which  are  beyond  this  distance  will  be  united  with  some  of 
those  which  are  nearer  to  the  centre,  and  the  whole  divi- 
sion will  be  consdderably  diminished,  Dr  Smith  has  illus- 
trated this  in  a  very  perspicuous  manner  in  his  theory  of 
Catoptric  Microscope. 

But  although  we  cannot  adopt  this  form  of  an  olgeet- 
glass,  there  may  be  other  considerations  which  may  lead  us 
to  prefer  some  particular  furm  of  the  crown-glass,  or  of  the 

A 

flint-glass.  We  shall  therefore  adapt  our  general  equation-^ 

B        C       D       ^      ^       ^. 

— 5 -  +  E  =  Oto  this  condition. 

a       a*       a' 

Therefore  let  h  express  this  selected  ratio  of  the  two  ra- 
dii of  the  crown-glass,  making  —  =  A  (remembering  al- 
ways that  a  is  positive  and  h  negative  in  the  case  of  a  double 
convex,  and  A  is  a  negative  number.) 

With  this  condition  we  have  -r-  =  — .      But  when  we 

b       a 

make  n  the  unit  of  our  formula  of  aberration,  -t-= —  — 

b       a 

1.    Therefore  1  = ,  and  —  =- ^.    Now  sub- 

a        a  a      \  —  h 

1 

stitute  this  for  —  in  the  general  equation,  and  change  all 

the  signs  (which  still  preserves  it  =  0.),  and  we  obtain 

By  this  equation  we  are  to  find  — ,  or  the  radius  of  the 

a 

anterior  surface  of  the  flint-glass.     The  equation  is  of  this 
form />A'^  +  ja7  +  r  =  0,  and  we  must  again  make  *  =  -^ 
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and  <  =  — .    Therefore  « :=  -^,  and  t  =  -jnX  f  "j~7 


P 
A 


n^h)*  —  ^  )•    '^™»  fioaJlys 


It  may  be  worth  while  to  take  a  particular  case  of  this 
oonditioiL  Suppose  the  crown-glass  to  be  of  equal  convex- 
ities on  both  sides.  This  has  some  advantages :  We  can 
tdl  with  precision  whether  the  curvatures  are  precisely 
equal,  by  measuring  the  focal  distance  of  rays  reflected 
back  from  its  posterior  surface.  These  distances  will  be 
precifely  equal.  Now  it  is  of  the  utmost  importance  in  the 
ooostruction  of  an  object-glass,  which  is  to  correct  the  sphe- 
rical aberration,  that  the  forms  be  precisely  such  as  are  re- 
quired by  our  formulae. 

In  this  case  of  a  lens  equally  convex  on  both  sides 

1    .  11  1    . 

—  is  =  —   ,  ,  =  Q  .     Substitute  tliis  value  for  —  in 
a  o  ^  a 

A          B  C  D 

the  general  equation  -5- ~_-^_—  +  E  =  0, 

and  then  — «-  =  "T"  »   —  becomes  -77-.     Now  change  all 

the  ngns,  and  we  have  ^  +  -^  —  E ^  +  ^2^^' 

by  whidi  we  are  to  find  a'.     Thb  in  numbers  is        ,  .  — 

—^  —  0,6044  =  0.    Then  s  =  ^^y^-,  =  0,3867, 

—  0  6044 
and  t  =     ,  '        ,  =  —  0,4444.    Then  —  i  * =0,1933 ; 

i  ^  =  0,0374 ;  and  V\S^  —  t  =  =±=  0,6941 ;  so  that  — 

a' 

=  0,1933=4=0,6941.     This  gives  two  real  roots,  viz. 

^#8874,  and  —  0,5008.     If  we  take  the  first,  we  sliall  have 


4M  fllMWil 

a  ODiiVtt  anteior  surfiute  far  the  ffiiit<gliu»»  ind 
quenfly  a  vcty  deep  ooncate  fer  the  pcwtefior  fdrfn 
thefefore  take  the  seoond  or  nqprtm  root  —  (MXMSL 

ss  0,1046,  which  will  ffwe  ft  huge  Yalue  of  S^. 

We  had  — =-;;-  j 


and         — =:— 1  — 
b  2 

and  —  is  the  same  as  in  the  tomoer  eut,  vis.  O^lMl 

Having  all  thesa  rsdproealSy  we  tnajrflnd  a»  1^  sr  l^i 
P;  and  then  dividmg  them  I7  Py  we  tibtttn fioiBy 

a »      0,820tf 
i  =  — 0,S5H)6 

J'=       1,633 

P=  1. 
By  comparing  this  object-glass  with  the  former,  lensj 
remark,  that  diminishing  a  a  little  increases  b,  and  ia  dv 
respect  improves  the  lens.  It  indeed  has  diminiahfd  bf  hi 
this  being  already  oon»derabIe,  no  itioonvcDieiiee  attflrii 
this  diminution.  But  we  learn,  at  the  same  tim^  thitik 
advantage  must  be  very  small;  for  we  cannot  dinnalit 
much  more,  without  making  it  as  small  as  the  smaOeitn^ 
dius  of  the  object-glass.  Thb  proportioD  ia  theiefixe  wf 
near  the  maximum,  or  best  possible ;  and  we  know  tliit  is 
such  cases,  even  considerable  changes  m  the  radii  wiU  nib 
but  small  changes  in  the  result :  for  these  reasons  we  fie 
disposed  to  give  a  strong  preference  to  the  first  oomtra^ 
tion,  on  account  of  the  other  advantages  which  wcihai^ 
ed  to  attend  it 

As  another  example,  we  may  take  a  case  which  is  ntj 
nearly  the  general  practice  of  the  Lcmdon  artists.  Us* 
dius  of  curvature  for  the  anteriOT  soiftoe  of  the 

1 
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cnnm-i^aaB  is  f  ths  of  the  radius  of  the  posterior  surface,  so 
that  h  =  %.  This  bdng  introduced  into  the  determinate 
equatioB^  gives 

a  =      0,29S8  a'  ==  —  0,3448 

i  =  —  0,3526  b  =       1,1474 

As  another  condition,  we  may  suppose  that  the  second 

flint-glass  is  of  a  determined  form. 

This  case  is  solved  much  in  the  same  manner  as  the  for- 

Taking  h  to  represent  the  ratio  of  o'  and  b\  we  have 

1  . 

^       V.     This  value  being  substituted  in  the  general 

^ABCD^^.  A 

Illation -gr ^--^^ ^  + E  =  0,  givesus -5 


T  +  ^  ""  n—h)*~~T^^  ^  ^-    '^^  6'ves  for 

B  1 

*l»e  final  equation  w'  +  ta;+t  =  0,*  =  -j-,  and  < =-t- 

<^-- (TITAp  -  T^Ta)  and  —  =  -  i  *  =4= 

We  might  here  take  the  particular  case  of  the  flint-glass 
ing  equally  concave  on  both  sides.     Then,  because  — r 


—  u^  and  in  the  case  of  equal  concavities  — -  =  —j-9  =^ 

^  a'       n 

UfitiB  sufficient  to  put  —  -^u  for  -7-.      Thb  bang 

*i.           .•     u              A         B  Cm  '     Dtt    .    „ 
!» the  equation  becomes  —  — r—  H — ^  +  Jb 

0.    This  gives  #  =  — ,  and  t  =  —  x  I ^ 

E). 

^e  imagine  that  these  cases  arc  sufficient  for  shewing 
^«  management  of  the  general  equation  ;  and  the  example 
^OL.  IIL  2  G 
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of  the  numerical  solution  of  the  first  case  affords  instances 
of  the  only  niceties  which  occur  in  the  process,  vise,  the  pro* 
per  employment  of  the  positive  and  negative  quantities. 

We  have  oflener  than  once  observed,  that  the  formula 
is  not  perfectly  accurate,  and  that  in  very  large  apertures 
errors  will  remain.  It  is  proper  therefore,  when  we  have 
obtained  the  form  of  a  compound  object-glass,  to.  calculate 
trigonometrically  the  progress  of  the  light  through  it;  and 
if  we  find  a  considerable  aberration,  either  chrpmatic  or 
spherical,  remaining,  we  must  make  such  changes  in  the 
curvatures  as  will  correct  them.  We  have  done  tlus  tar 
the  first  example;  and  we  find,  that  if  the  focal  distance  of 
the  compound  object-glass  be  100  inches,  there  remains  of 
the  spherical  aberration  nearly  ^^th  of  an  inch,  and  the 
aberration  of  colour  is  over-corrected  above  }th  of  an  inch. 
The  first  aberration  has  been  diminished  about  6  timesi  and 
the  other  about  30  times.  Both  of  the  remaining  errors 
will  be  diminished  by  increasing  the  radius  of  the  inner  sur- 
fiices.  This  will  diminish  the  aberration  of  the  crown- 
glass,  and  will  diminish  the  dispersion  of  the  flint  more 
than  that  of  the  crown.  But  indeed  the  remaining  error  is 
hardly  wortli  our  notice. 

It  is  evident  to  any  person  conversant  with  cqptical  dis- 
cussions, that  we  shall  improve  the  correction  of  the  sphe- 
rical aberration  by  diminishing  the  refractions.     If  we  em-, 
ploy  two  lenses  for  producing  the  convergency  of  the  rays 
to  a  real  focus,  we  shall  reduce  the  aberration  to  ^th. 
Therefore  a  better  achromatic  glass  will  be  formed  of  three 
lenses,  two  of  which  are  convex  and  of  crown-glass.     The 
refraction  being  thus  divided  between  them,  the  aberrations 
are  lessened.     There  is  no  occasion  to  employ  two  concave 
lenses  of  flint-glass ;  there  is  even  an  advantage  in  usii^g 
one.     The  aberration  being  considerable,  less  of  it 
serve  for  correcting  the  aberration  of  the  crown-glassy 
therefore  such  a  form  may  be  selected  as  has  little 
tion.     Sonic  light  is  indeed  lost  by  these  two  additioKmal' 
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lorfiioes ;  but  this  is  much  more  than  compensated  by  the 
greater  apertures  which  we  can  venture  to  give  when  the 
curvature  of  the  surfiuse  b  so  much  diminished.  We  pro- 
ceed  therefore  to 


TVir  ConHrticHm  of  a  Trifte  Achromaik  Object-Glass. 

It  18  plain  that  there  are  more  conditions  to  be  assumed 
befinre  we  can  render  (his  a  determinate  problem,  and  that 
the  investigation  must  be  more  intricate.  At  the  same 
time,  it  must  give  us  a  much  greater  variety  of  construe- 
tions^  in  consequence  of  our  having  more  conditions  neces- 
mrj  for  giving  the  equation  this  determinate  form.  Our 
fimitB  will  not  allow  us  to  give  a  full  account  of  all  that 
may  be  done  in  this  method.  We  shall  therefore  content 
onndveB  with  giving  one  case,  which  will  sufiiciendy  pcnnt 
<mt  the  method  of  proceeding.  We  shall  then  ^ve  the  re- 
sults in  some  other  eligible  cases,  a§  rules  to  artists  by  which 
they  may  construct  such  glasses. 

Let  the  first  and  second  glasses  be  of  equal  curvatures  on 
both  odes ;  the  first  being  a  double  convex  of  crown-glass, 
and  the  second  a  double  concave  of  flint-glass. 

StiU  making  n  the  unit  of  our  calculus,  we  have  in  the 

first  place  a  =  —  6,  =  —  a',  =  V.    Therefore  -3— '"r- 

V  a        6  /'       n'  n 

^i_              .       dm      dm'      dm"       .  ,  -    . 

the  equation 1 7-  H n-  =  0  becomes  i*  —  1  + 

^  n         n  n 

'^—  =r  0,  or  — TT  =  —  —  1.     Let  us  call  this  value  ii'. 

We  have  —  =  m  — 1;  ^  =  —  (m' —  1);  -\  =  u' 

P  P  ^  ^   P" 


Therefore 


k 
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And  if  we  make  fn:'^m=^C'9  we  shall  have  -=-  =  — 

C  +  yf(m — 1).     AIso-7=i?i  —  Ij^t  =  m  — I  — 
(lit  —  1),  =  m  —  fn/,  =  —  C. 
The  equality  of  the  two  curratoros  of  eadi  lena  ffiv<- 

«__.    Therefore- _,-.-.-,  ^^-j, 

«,dl      1_J_  -_L 

i»  ^  «r     »»••»     a"  "" 

Subsdtudng  these  values  in  the  geaeal  equation,  we  oi^ 
tun  three  formulae, 

1.        .        c««-ie(2«+l)  +  ^^5i^ 
g  (m-  +  1)  (w  —  1)      (3  «>'+»)  (w— ly 

Now  ammge  these  quantities  according  as  thej  are  o^ 
efficients  of  — ^  and  of  -^^y  or  independent  quant]ti& 

Let  the  coefficient  of  — -^  be  A,  that  of  —  be  B,  aid 

a  -  ^ 

the  independent  quantity  be  C,  we  have 

.         rtt'(m  +  2)    _                                       4cc'ii'(ii+l) 
A  = 5^jj ^;B  =  cii'»(2«  +  l) ^-^1 
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,     ijir-yg     «(fn^+l)(in— 1)     (8w+g)(m— 1) 

"""^   ~    4«i    "^  mr  "^  irr 

i-cc'«r  (8m+  1). 

A         B 

Our  equation  now  becomes  — r  — ^-  C  s=  0. 

This  reduced  to  numbers,  by  computing  the  values  of 
the  coefficients,  is  1:?^- _  li:??^ -- 0,a2«7  =  0. 

This,  divided  by  1,312,  giveB  *  =  —  0,9«;  and  ^  =  — 

0,2482;  — i*  =  0,46;  i^  =  0,2il6;  andV^i^  — < 
=  =±=  0,6781. 


And,  finaUy,  -^  =  0,46  =±=  0,6781. 

This  has  two  roots,  viz.  0,2181  and  —  1,1881.  The 
last  would  ^ve  a  very  small  radius,  and  is  therefore  re- 
jected. 

1  1 

Now,  proceeding  with  this  value  of  -^  ^"^^  ^  — >  ^® 

get  the  other  radius  5^,  and  then,  by  means  of  u//,  we  get 
the  other  radius,  which  is  common  to  the  four  surfaces. 

•^        ,      1  1 

ThsD,  by—  =  -77  —  c',  we  get  the  value  of  P. 

The  radii  being  all  on  the  scale  of  which  n  is  the  unit, 
they  must  be  divided  by  P  to  obtain  their  value  on  the 
■cale  which  has  P  for  its  unit.     This  will  give  us 

a  =  —  6,  =  _  a',  =  i',  =  0,630 
o"  =  1,215 

i'/  =  —  0,8046 

P=  1. 

This  is  not  a  very  good  form,  because  the  last  surface 
baa  too  great  curvature. 

We  thought  it  worth  while  to  compute  the  curvatures 
tbr  a  case  where  the  internal  surfaces  of  the  lenses  coincide, 
^ta  order  to  obtain  the  advantages  mentioned  on  a  former 
^Hxasion.    The  form  is  as  follows : 
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The  middle  lens  is  a  double  concave  of  flint-glass ;  the 
last  lens  is  of  crown-glass,  and  has  equal  curvatures  on  both 
udes.  The  following  table  contains  the  dimen^ons  of  the 
glasses  for  a  variety  of  focal  distances.  The  first  column 
contains  the  focal  distances  in  inches ;  the  second  oontuns 
the  radii  of  the  first  surface  in  inches ;  the  third  contains 
the  radii  of  the  posterior  surface  of  the  first  lens  and  ante- 
rior surface  of  the  second ;  and  the  fourth  column  has  the 
radii  of  the  three  remaining  surfaces. 


p 

a' 

b,d 

b,  a»,  bf 

12 

9,25 

6,17 

12,75 

24 

18,88 

12,25 

25,5 

36 

27,88 

18,25 

38,17 

48 

36,42 

24,88 

50,92 

60 

45,42 

30,38. 

68,58 

7« 

54,6 

86,42 

76,33 

84 

63,5 

42,6 

89, 

96 

72,6 

48,5 

101,76 

108 

81,7 

54,58 

114,4£ 

ISO 

90,7 

60,58 

127,17 

We  have  had  an  opportunity  of  trying  glasses  of  this 
construction,  and  found  them  equal  to  any  of  the  mne 
length,  although  executed  by  an  artist  by  no  means  excel- 
lent in  his  profession  as  a  glass-grinder.  This  very  circum- 
stance gave  us  the  opportunity  of  seeing  the  good  effects  of 
interposing  a  transparent  substance  between  the  glasses. 
We  put  some  clear  turpentine  varnish  between  them,  whidi 
completely  prevented  aU  reflection  from  the  internal  sur- 
faces. Accordingly,  these  telescopes  were  surprisingly 
bright;  and  although  the  roughness  left  by  the  first  grind- 
mg  was  very  perceptible  by  the  naked  eye  before  the  glasses 
were  put  together,  yet  when  joined  in  this  manner  it  entile- 
ly  disappeared,  even  when  die  glasses  were  idewed  with  a 
deep  magnifier. 

The  aperture  of  an  object-glass  of  this  constructiOD  of  90 


focal  dUtance  waa  3|th  indies,  which  is  considerably 
more  tlian  any  of  Mr  Dollund  s  that  we  have  seen. 

If  we  sliould  think  it  of  advantage  to  make  all  t)ie  three 
isosceles,  that  is,  equally  curved  on  both  surfaces,  the 
S«iiend  equation  will  give  the  following  rodii : 

«  =  +  0,639        a'  =  —  0,5285        a-  =  +  0,641S 

Z=  —  0,(>39         f  =  +  0,5285         ft"  =  —  0,6+13 

TThis  seems  a  good  form,  having  large  radii. 

Should  we  choose  to  have  the  two  crowO'glass  lenseaj 
K^oeceles  and  equal,  we  must  make 

a  =  +  0,6412         «■  =  _  0,5227       a"  =  +  0,6411 
b=—  0,6412        fi'  =  +  0,5367       b'  =  —  0,0412 
*Xhis  form  hardly  difl'crs  from  the  last. 

Our  readers  will  recollect  that  all  these  forms  proceed  oa 
^sertain  measures  of  tlie  refractive  and  dispersive  powers  of  ■ 
the  substances  employed,  which  are  expressed  by  m,  m\  dmV 
^Uiddm-:  and  we  may  be  assured  that  tlie  formula  arc  su£-  1 
vtenlly  exact,  by  the  comparison  (which  we  have  made 
«oe  of  the  caws)  of  tlie  result  of  the  formula  and  the  trigo- 
xumetrical  calculation  of  the  progress  of  the  rays.    The  er- 
"TOT  vas  but  a'pth  of  the  whole,  ten  times  less  than  another 
enw,  which  unavoidably  remains,  and  will  he  con^dere^'  . 
presently.     These  measures  of  refraction  and  dispersion 
W€«  carefully  taken  ;  but  there  is  great  diversity,  particu- , 
tariy  in  the  Hint^gUss.     We  are  well  informed  that  tlie  1 
nanufncturc  of  this  article  has  considerably  changed  of  late  J 
JtMHj  and  that  it  is  in  general  less  refractive  and  less  dis*  J 
pemvc  than  formerly.    This  must  evidently  make  a  change  J 
in  the  forms  of  ac)ut>matic  glasses.     The  proportion  of  lb*  j 
Ibcal  di&lance  of  the  crown-glasses  to  that  of  the  flint  must  ] 
be  increased,  and  this  will  occasion  a  change  in  the  curvs*  J 
lures,  which  shall  correct  the  spherical  aberration.    We  ex-  J 
witli  great  care  a  parcel  of  flinUgluss  which  an  arb.J 
of  this  city  got  lately  for  the  purpose  of  making  achro*  J 
object  glasses,  and  also  some  very  white  crown-gLtw  { 
|in  Leith,  and  we  obtained  the  following  measures. 


472  TELESCOVB. 

«  =  1,529  dm  _  142 

m'^  t,676  am-  sTg  =  ^'^*^*^' 

We  computed  some  fonns  for  triple  object-glaB^es  made 
of  these  glasses,  which  we  shall  subjoin  as  a  spedmen  of  the 
variations  which  this  chapge  of  data  will  occasion. 
If  all  the  three  lenses  are  made  isosceles,  we  have 
a=  + 0,796        fl'  =  --0,474        a"=  +  0,«» 
6  =  —  0,796        6'== +  0,474        ft"  =  — 0,fiB8 

Or 
a  ==       0,504  a'  =  —  0,476  a"  =  +  0,798 

ft  =  —  0,504  V=      0,476  i"=d:  — 0,7»S 

If  the  middle  lens  be  isosceles,  the  two  crown-ghus  lenses 
may  be  made  of  the  sande  form  and  focal  distance,  and 
placed  the  same  way.     This  will  give  us 
B  =  +  0,70S         a'  =  —  0,476  or'  =  +  0,705 

6=-*-.0,547  i'=  + 0,476  6"  =  — (MW 

N.  B.— This  construction  allows  a  mudi  better  fomi,  ff 
the  measures  of  refraction  and  dispersion  are  the  aame  that 
We  used  formerly.     For  we  shall  have 
a  =  +  0,628        a'  =  —  0,579        a''  =  +  0,6«8 
ft  =—0,749        ft' =  +  0,679        6"  =  — 0,749 
And  this  is  pretty  near  the  practice  of  the  Londim  opti« 
cians. 

We  may  here  observe,  upon  the  whole,  that  an  amateur 
has  little  chance  of  succeeding  in  these  attempts.  The  cfi- 
versity  of  glasses,  and  the  uncertainty  of  the  workman*8 
producing  the  very  curvatures  which  he  intends,  is  so 
that  the  object-glass  turns  out  different  from  our 
tion.  The  artist  who  makes  great  numbers  acquires  a  pretty 
certain  guess  at  the  remaining  error;  and  having  many 
lenses,  intended  to  be  of  one  form,  but  unavoidably  differ- 
ing a  little  from  it,  he  tries  several  of  them  with  the  odicr 
two,  and  finding  one  better  than  the  rest,  he  mak^s  use  of 
it  to  complete  the  set. 

The  great  difficulty  in  the  construction  is  to  find  the  ex- 
act proportion  of  the  dispersive  powers  of  the  crown  anA 

5 
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"he  crown  is  pretty  constant ;  but  there  is 
hardly  tvo  pots  of  flint-glass  which  have  tlie  same  dispersive 
power.  Even  if  constant,  it  ia  dttlicult  to  measure  it  accu- 
mdy ;  and  an  error  in  thia  greatly  aflects  the  instrument, 
becRUse  llie  foeal  distances  of  tlie'  lenses  must  be  nearly  as 
Uieir  di^>ersive  powers.  The  method  of  examining  this 
circumstance,  which  we  found  most  accurate,  was  as  foU 
bw«: 

Tbr  sun's  light,  or  that  of  a  brilliant  lamp,  passed  through 
a  imall  hole  in  a.  board,  and  fell  on  another  board  pierced 
alSD  with  a  small  hole.  Behind  this  was  placed  a  fine  prism 
A  fKg.  IS.),  winch  formed  a  spectrum  ROV  on  a  screen 
pierDed  with  a  small  hole.  Behind  this  was  placed  a  prism 
B  ot  the  substance  under  examination.  The  ray  which  was 
refracted  by  it  fell  on  the  wall  at  D,  and  the  distance  of  its 
ilhimituitiBn  from  that  point  to  C,  on  which  an  unrefractetl 
r«y  vould  have  fallen,  was  carefully  measured.  This  show- 
ed tbo  refraction  of  that  colour.  Then,  in  order  that  we 
might  be  certain  that  we  always  compared  the  refraction  of 
the  nme  precise  colour  by  the  different  prisms  placed  at 
B,  w*  marked  the  precise  position  of  the  prism  A  when  ' 
the  nj  of  a  particular  colour  fell  on  the  prism  B.  This 
«ai  (kuw  by  an  index  AG  attached'to  A,  and  turning  with 
it,  wfato  we  caused  the  different  colours  of  the  spectrum 
ftmsd  by  A  to  fall  on  B.  Having  examined  one  prism  B 
lilll  raipect  to  all  the  colours  in  the  spectrum  formed  by 
A,  we  pat  annilier  B  in  its  place.  Then  bringing  A  to  all 
in  fflcmer  positions  successively,  by  means  of  a  graduated 
ardi  HGK,  we  were  certain  tlmt  when  the  index  was  at  the 
■BUM  division  of  the  arch  it  was  the  very  ray  whicli  had 
betOBuule  to  pass  through  the  first  pnsm  B  in  a  Ibrmet  t 
CXpentnent.  We  did  not  solicitnuslv  endeavour  to  find  tn  , 
vay  exueme  red  and  violet  rays ;  because,  allhoiigli  we  did  , 
*>ot  l«m  the  whole  dispenuons  of  the  Ino  prisms,  wc  Icam- 
>*  flwif  [Ht^MTtions,  which  is  the  circumstance  wanlt.'d  in 
"*e  construction  ol'  itcliromntie  slasscs.    It  is  in  vain  to 
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Perhaps  a  refracting  medium  may  be  found  such,  that  a 
piiam  made  of  it  would  refract  the  white  light  from  A',  in 
the  upper  line  of  this  figure,  in  such  a  manner  that  a  spec- 
trum R'O'Y'G'B'FV'C  shall  be  formed  at  the  same  dis- 
tance from  A',  and  of  the  same  length,  but  divided  in  a  dif-  ^ 
ferent  proportion.     We  do  not  know  that  such  a  medium 
has  been  found ;  but  we  know  that  a  prism  of  flint-glass 
his  its  refractive  and  dispersive  powers  so  constituted,  that 
if  A'H'  be  taken  about  ^d  of  AR,  a  spot  of  white  light, 
fivmed  by  rays  falling  perpendicularly  at  H',  will  be  so  re- 
fiacted  and  dispersed,  that  the  extreme  red  ray  will  be  car- 
xU  fiom  H'  to  R',  and  the  extreme  violet  from  H'  to  C', 
and  the  intermediate  colours  to  intermediate  points,  forming 
a  qwctrum  resembling  the  other,  but  having  the  colours 
more  constipated  towards  R',  and  more  dilated  towards  C ; 
ID  that  the  ray  which  the  common  glass  carried  to  the  ^ 
noddle  point  B  of  the  spectrum  RC  is  now  in  a  point  B'  of 
die  plectrum  R'C,  considerably  nearer  to  R. 

Dr  Blair  has  found,  on  the  other  hand,  that  certun  fluids, 
puticulariy  such  as  contmn  the  muriatic  acid,  when  formed 
into  a  prism,  will  refract  the  light  from  H''  (in  the  lower 
line)  so  as  to  form  a  spectrum  R^'C  equal  to  RC,  and  as 
far  removed  from  A"  as  RC  is  from  A,  but  having  the  co- 
hiin  more  dilated  toward  R",  and  more  constipated  toward 
C,  than  is  observed  in  RC  ;  so  that  the  ray  which  was  ear- 
ned bj  the  prism  of  common  glass  to  the  middle  point  B  is 
cnried  to  a  point  B'',  considerably  nearer  to  C''. 

Let  U8  now  suppose  that,  instead  of  a  white  spot  at  A, 
vihave  a  prismatic  spectrum  AB  (Fig.  13.),  and  that  the 
pin  of  common  glass  is  applied  as  before,  immediately  be- 
Und  the  prism  which  forms  the  spectrum  AB.  We  know 
w  tins  will  be  refracted  sidewise,  and  will  make  a  spec- 
^nnn  ROYGBFC,  inclined  to  the  plane  of  refraction  in  an 
*f^  of  45"" ;  so  that  drawing  the  perpendicular  RC,  we 
iwe  aC'=c'  C. 

We  also  know  that  the  prism  of  flint-glaas  woukl  refract 
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the  spectrum  formed  by  the  first  prism  on  EHF,  in  siioh  s 
manner  that  the  red  ray  will  go  to  R,  the  violet  to  C,  ad 
the  intermediate  rays  to  points  o,  y^  g^  5,  p,  v,  so  ntiiiliel 
that  O'  0  is  =  R'O'  of  the  other  figure;  Y  ^  is  =  R'^cf 
that  figure,  G^sRO",  be.  These  points  must  tbae> 
fiore  lie  in  a  curve  R  oyghp  v  C,  which  is  convex  townd 
the  aids  R'C/ 

In  hke  manner  we  may  be  assured  that  Dr  BlDsftud 
will  form  a  spectrum  'Bidf/g'  V  ^^  v*  C,  ooDcave  towsid 
RC 

Let  it  be  observed  by  the  way,  that  this  is  a  very  good 
method  for  discovering  whether  a  medium  Asperses  die  fight 
in  the  same  proportion  with  the  prism  which  is  empkycd 
fiar  fcxming  the  first  spectrum  AB  or  EF.  It  dBspofeitt 
the  same  or  in  a  difierent  proportion,  according  as  Aeoi^ 
lique  spectrum  is  straight  or  crocdced ;  and  die  exact  pn^ 
portion  corresponding  to  each  colour  is  had  by  miMiiiif 
the  ordinates  of  the  curves  R  6  C  or  R  &"  C. 

Having  formed  the  oblique  spectrum  RBC  by  a  pnim 
of  common  glass,  we  know  that  an  equal  prism  of  diettmo 
glass,  placed  in  a  contrary  position,  will  bring  back  sD  ik 
rays  from  the  spectrum  RBC  to  the  spectrum  AB,  Iq^^V 
each  colour  on  its  former  place. 

In  like  manner,  having  formed  the  oblique  specCrmo 
R  'i  C  by  a  prism  of  flint-glass,  we  know  that  another  pniB 
of  flint-glass,  placed  in  the  opposite  direction,  will  bring  dl 
the  rays  back  to  the  spectrum  EHF. 

But  having  formed  the  oblique  spectrum  RBC  by  * 
prism  of  common  glass,  if  we  place  the  flintglass  priiO 
in  the  contrary  position,  it  will  bring  the  colour  B  l«ck 
to  £,  and  the  colour  C  to  F ;  but  it  will  not  faring  ^ 
colour  B  to  H,  but  to  a  pcrint  A,  such  that  B  A  is  equd 
to  i  H,  and  £  B  to  A  H.  In  like  manna*,  the  odier  eo- 
lours  will  not  be  brought  back  to  the  straight  line  EHf  i 
but  to  a  curve  E  A  F,  forming  a  crooked  spectrum. 

In  like  manner,  the  fluids  discovered  by  Dr  Bkiri  when 
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to  bring  back  the  oblique  spectrum  RBC  formed 
glass,  will  bring  its  extremities  back  to  E  and 
',  and  form  tlie  crooked  spectrum  E  W  F  lying  beyond 
BUF. 
This  experimeat  evidently  gives  us  another  method  for 
■miniDg  the  proportionuUty  of  the  dispersion  of  diiferent 

Having  by  common  glass,  brought  back  the  oblique 
|iectnim  formed  by  common  glass  to  its  natural  placo 
Lb,  suppose  the  original  spectrum  at  AB  to  contract  gni- 
|uiUy  (as  Newton  has  made  it  do  by  means  of  a  lens), 
ptun  that  tho  oblique  spectrum  will  also  contract, 
pd  to  will  the  second  spectrum  at  A  B ;  and  it  will  at 
■t  coalesce  into  a  white  spot.  The  eflect  will  be  equi- 
to  a  gradual  compression  of  the  wliole  figure,  by 
iiich  the  parallel  lines  AR  and  BC  gradually  approach, 
d  at  last  unite. 

la  like  manner,  when  the  oblique  spectrum  formed  by 
■t-^taw  is  brought  back  to  EIIF  by  a  flint-glass  prism, 
■d  Oic  6gure  compressed  in  the  same  gradual  manner,  all 
e  cotMrs  will  coalesce  into  a  white  spot. 
Bat  when  flint'glass  is  employed  to  bring  back  the  ob- 
gue  spectrum  formed  by  common  glass,  it  forms  the 
lolud  spectrum  E  h  F.  Now  let  the  figure  be  conipr«ss< 
L  The  curve  E  A  F  will  be  doubled  down  on  the  line 
jb,  and  there  will  be  formed  a  compound  spectrum  H  A, 
ate  unlike  the  common  spectrum,  being  purple  or  claret 
knmd  at  H  by  tlie  mixture  of  the  extreme  red  and  violet, 
edged  with  blue  at  A  by  tlie  mixture  of  the  green 
id  blue.  The  fiuid  prisms  would  in  like  manner  form  a 
Metnim  of  the  same  kind  on  the  other  side  of  U. 
TW  is  precisely  what  is  observed  in  acliromatic  objcct- 
laMH  made  of  crown-glass  and  flint :  for  tlie  rviractlun 
MB  A  to  It  corresponds  to  the  refraction  of  tJie  convex 
lOWBi^lass^  and  the  contrary  refraction  from  R  (o  £  cor- 
lo  the  coaifiu'y  refraction  of  the  concave  flint- 
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glass,  which  stiil  leaves  a  part  of  the  first  refraction,  t 
ducing  a  convergence  to  the  axis  of  the  telnoopcL    iid 
found  to  give  a  purple  or  wine-coloured  focus,  aiulv 
this  a  gnen  one,  and  between  these  on  imperfed « 
Dr  Blair  found,  that  when  the  eye-glass  was  Aran  a 
yond  its  proper  distance,  a  star  was  surtounded  bj  t 
fringe,  i)y  the  green  end  of  the  spectrum,  whidj  b 
each  other  within  the  focus ;  and  when  the  eyt-, 
too  near  the  object-glass,    the  star  had  a  - 
fringe.     The  green  rays  were  ultimately  moi 
JV.  It.  We  should  expect  the  fringe  to  be  of  it  B 
rather  than  a  green.     Diit  this  is  easily  explaii»8*fl 
extreme  violet  rays  are  very  fuint,  so  as  hardly  lobeM 
sible ;  therefore  when  a  compound  glass  is  made  u  tia 
malic  as  possible  to  our  senses,  in  all  probability  (nayfl 
tainly)  these  almost  inscnnble  violet  rays  arc  left  mt,  i 
perhaps  the  extreme  colours  which  are  united  on  tbt  r 
ami  the  middle  violet  rays.     This  mnkea  the  green  R 
the  mean  ray,  and  therefore  the  most  outstanding  iHu  tte 
dispersions  are  not  proportional. 

Dr  Blair  very  projierly  calls  these  spcctnims,  H  h  a 
HA-,  secondary spectruvis,  and  seems  to  ihJnk  tbstbei 
the  lirst  who  has  taken  notice  of  them.  But  Mr  Ctai 
was  too  accurate  a  mathematician,  and  too  careful  ai 
server,  not  to  be  aware  of  a  circumstance  which  w; 
primary  consequence  to  the  whole  inquiry.  He  ixnM  n 
but  observe  that  the  success  rested  on  this  very  p 
and  that  the  proportionality  of  disper^on  wits  indii^MOMU 
necessary. 

This  subject  was  therefore  touched  on  by  Cloinub;  i 
fully  discussed  by  Boscovich,  first  in  his  DisscrtatiwwpiA' 
Uahed  at  Vienna  in  1759;  then  in  the  Comment.  J 
enaia ;  and,  lastly,  in  his  Optiscuta,  published  in  IJ^J, 
Dr  Blmr,  in  bis  ingenious  Disscrlalioit  on  Ach 
Glasses,  read  to  the  Royal  Society  of  Edinburgh  ia  \^ 
seems  not  to  have  known  of  the  labours  of  these  n 
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apeakfl  of  it  as  a  new  discovery ;  and  exhibits  some  of  the 
ooDsequences  of  this  principle  in  a  singular  point  of  view, 
as  something  very  paradoxical  and  inconsistent  with  the 
usually  received  notions  on  these  subjects.  But  they  are 
bj  no  means  so.  We  are,  however,  much  indebted  to  his 
ingenious  researches,  and  his  successful  endeavours  to  find 
some  remedy  for  this  imperfection  of  achromatic  glasses. 
Some  of  his  contrivances  are  exceedingly  ingenious ;  but 
had  the  Doctor  consulted  these  writers,  he  would  have 
saved  himself  a  good  deal  of  trouble. 

Boaoovich  sliows  how  to  unite  the  two  extremes  with  the 
moit  outstanding  colour  of  the  secondary  spectrum,  by 
means  of  a  third  substance.  When  we  have  done  this,  the 
aberration  occasioned  by  the  secondary  spectrums  must  be 
piodBgiously  diminished ;  for  it  is  evidently  equivalent  to 
Ae  union  of  the  points  H  and  h  of  our  figure.  Whatever 
ciaae  produces  this  must  diminish  the  curvature  of  the 
aidies  E  h  and  h  F  :  but  even  if  these  curvatures  were  not 
Aniniahed,  their  greatest  ordinatcs  cannot  exceed  ^th  of 
H  & ;  and  we  may  say,  without  hesitation,  that  by  uniting 
die  mean  or  most  outstanding  ray  with  the  two  extremes, 
the  remaining  dispersion  will  be  as  much  less  than  the  un- 
corrected colour  of  Dollond^s  achromatic  glass,  as  this  is 
ksB  than  four  times  the  dispersion  of  a  common  object- 
g^baa.  It  must  therefore  be  altogether  insensible. 
.  Bofloovich  asserts,  that  it  is  not  possible  to  unite  more 
than  two  oolours  by  the  opposite  refraction  of  two  sub- 
ftanoes,  which  do  not  disperse  the  light  in  the  same  propor- 
tions. Dr  Blair  makes  light  of  this  assertion,  as  he  finds  it 
made  in  general  terms  in  the  extract  made  by  Priestley 
boat  Boscovich  in  his  Essay  on  the  History  of  Optics ;  but 
had  he  read  this  author  in  his  own  dissertations,  he  would 
have  seen  that  he  was  perfectly  right.  Dr  Blair,  however, 
has  hit  on  a  very  ingenious  and  efiectual  metliod  of  pro- 
ducing this  union  of  three  colours.  In  the  same  way  as 
we  correct  the  dispersion  of  a  concave  lens  of  crown-glass 
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by  the  opposite  disper^n  of  a  concave  lens  of  S 

we  may  correct  the  secondary  dispersion  of 

convex  lens  by  the  opposite   secondary  disperaon  of  q 

achromatic  concave  lens.     But  the  intelligent  reader  will 

observe,  that  this  uDion  does  not  contradict  the  ■eBtxtko  ttf 

Boscovich,  because  it  is  necessarily  produced  by  nc 

three  refracting  substances. 

The  most  essential  service  which  the  public  has  n 
at  the  hands  of  Dr  Blair  is  the  diusovery  of  fluid  mofiiimi 
of  a  proper  dispersive  power.  By  composing  the  taiia  of 
Eucli  substances,  wc  are  at  once  freed  from  tlie  irnguluititf 
in  the  refraction  and  dispersion  of  flint-glass,  which  ll^ 
chemists  have  not  been  able  to  free  it  from.  In  i 
way  this  glass  is  made,  it  consists  of  parts  which  difier  bd^i 
in  refractive  and  dispersive  power ;  and  when  taken  if 
from  the  pot,  tlicsc  parts  nnx  in  tlireads,  whicli  BUybd 
disseminated  through  the  mass  in  any  degree  |of  fi 
But  they  st'dl  retain  their  proprtics ;  and  when  a  pieff  (f 
flint-gtass  has  been  formed  into  a  lens,  the  eye,  placedio 
focus,  sees  the  whole  surface  occupied  by  glistening  tbreidl 
or  broader  veins  running  across  it.  Great  rewards  hin 
been  offered  for  removing  this  defect,  but  hitherto  to  op, 
purpose.  We  beg  leave  to  propose  the  following  tneUiod; 
Let  the  glass  be  reduced  to  powder,  and  then  melted  in4 
a  great  proponion  of  alkaline  salt,  so  as  to  make  a  & 
^licum.  When  precipitated  from  this  by  an  acid,  it  ma 
be  in  a  stale  of  very  uniform  composition.  If  again  indu 
into  glass,  we  should  hope  that  it  would  he  free  from  A 
defect ;  if  not,  the  case  seems  to  be  desperate. 

But  by  using  a  fluid  medium,  Dr  Blur  was  frsed  fiia 
all  this  embarrassnient ;  and  he  acquired  another  ii 
advantage,  tliat  of  adjusting  at  pleasure  both  the  refr»rtiifl 
and  dispersive  powers  of  liis  lenses.  In  solid  lenses,  wda 
not  know  whether  we  have  taken  the  cunatures  suited  U 
the  refractions  till  our  glass  is  finished ;  and  ii'  we  havenu^ 
taken  the  proportions,  all  our  labour  is  lost.     Cut  vbo 
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ifauds  are  used,  it  b  enough  that  we  know  nearly  the  re- 
fiactknis.  We  suit  our  focal  distances  to  these,  and  then 
select  our  curvatures,  so  as  to  remove  the  aberration  of 
igare^  preserving  the  focal  distances.  Thus,  by  properly 
tempering  the  fluid  mediums,  we  bring  the  lens  to  agree 
predsely  ^th  the  theory,  perfectly  achromatic,  and  the 
aberration  of  figure  as  much  corrected  as  is  possible. 

Dr  Blair  examined  the  refractive  and  dispersive  powers 
of  a  great  variety  of  substances,  and  found  great  varieties 
intbeir  actions  on  the  diflPerent' colours.*  This  is  indeed 
vhat  every  well-informed  naturalist  would  expect  There 
b  no  doubt  now  among  naturalists  about  the  mechanical 
cmnexion  of  the  phenomena  of  nature ;  and  all  are  agreed 
tliit  the  chemical  actions  of  the  particles  of  matter  are  per- 
feedy  like  in  kind  to  the  acdon  of  gravitating  bodies ;  that 
lU  these  phenomena  are  the  eflPects  of  forces  like  those 
irindi  we  call  attractions  and  repulsions,  and  which  we  ob- 
wve  in  magnets  and  electrified  bodies ;  that  light  is  re- 
fiided  by  forces  of  tlie  same  kind,  but  diflTering  chiefly  in 
Ae  flnall  extent  of  their  sphere  of  activity.  One  who  views 
tUiigi  in  this  way  will  expect,  that  as  the  actions  of  the 
Ue  acid  for  the  difierent  alkalis  are  different  in  degree, 
isd  u  the  different  acids  have  also  different  actions  on  the 
me  alkali,  in  like  manner  different  substances  differ  in 
didr  general  refractive  powers,  and  also  in  the  proportion 
rf  their  action  on  the  different  colours.  Nothing  is  more 
vnfikdy  therefore  than  the  proportional  dispersion  of  the 
cEfirait  colours  by  different  substances ;  and  it  is  surpris- 
ing that  this  inquiry  has  been  so  long  delayed.  It  is 
looped  that  Dr  Blair  will  oblige  the  public  with  an  account 
^  the  experiments  which  he  has  made.     This  will  enable 


A  werj  full  series  of  experiments  cm  this  subject  will  be  found 
"» l)r  Brewster's  Treatise  on  new  PJtilosophical  Instruments,  p.  3X6, 
■"»*  in  the  Edinburgh  Transactions,  vbh  VIII.  p.  1. 
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Others  to  co-operate  in  the  improvement  of  uliiMUM 
glasses.  We  cannot  derive  much  knowledge  from  wti 
he  has  already  published,  because  it  was  chiefly  with  l| 
intention  of  giving  a  popular,  though  not  an  accufMni 
of  the  suhjcct.  The  constructions  wliich  are  tbcw  me 
tioned  are  not  thonc  which  he  found  most  efiectul,  bnt 
those  which  would  be  most  easily  understood,  or  i 
strated  by  the  slight  theory  which  ia  contained  inthediK 
sertation ;  besides,  the  manner  of  expressing  the  d 
of  refrangibility,  pcriiaps  choaen  for  its  paradoxical  i] 
ance,  does  not  give  us  a  clear  notion  of  the  chaneUnd 
difl'erences  of  the  substances  cxam'med.  Those  tayi  * 
are  ultimately  most  deflected  from  that  direclior,  a 
to  have  become  the  most  refrangible  by  the  combiBalioad 
different  substances,  although,  in  all  the  particular  lefnl 
tions  by  which  this  effect  is  produced,  they  are  lew  ttfisA 
ed  than  the  violet  light.  We  can  just  gather  tJriaiD 
that  common  glass  disperses  the  rays  in  such  a  mm 
that  tile  ray  which  is  in  the  confine  of  the  green  sad  i 
occupies  the  middle  of  the  prismatic  spectrum  j  hnl  ii 
glasses,  and  many  other  substances,  which  are  nOKAi| 
sive,  this  ray  is  nearer  to  tlie  ruddy  extremity  of  tfniq 
trum.  While  therefore  the  straight  line  RC'  (Fig.  1 
terminates  the  ordiiiates  0  o',  YY',  Gg',  Sec  which  fi] 
sent  the  dispersion  of  common  glass,  the  ordinate*  •! 
express  the  dispersions  of  tliesc  substances  are  I 
by  a  curve  passing  through  R  and  C',  but  lying  bdtwttl 
line  RC.  When  therefore  parallel  heterogeneous  Ej^i 
made  to  converge  to  the  nsis  of  a  convex  lens  of  0 
glass,  as  happens  at  F  in  Fig.  8.  the  light  is  ihp 
and  the  violet  rays  have  a  shorter  fixral  distano&  If  < 
now  apply  a  concave  lens  of  greater  dispersive  power*  U 
red  and  \'iolct  rays  are  brought  to  one  focus  F';  bntB 
green  rays,  not  being  so  much  refracted  away  from  Fi  * 
left  behind  at  f,  and  have  now  a  shorter  focal  iaiUM 
But  Dr  Biair  afterwards  found  lliat  this  was  not  4e« 
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irhh  the  muriatic  acid,  and  some  solutions  in  it.     He  found 
that  the  ray  which  common  glass  caused  to  occupy  the 
middle  of  the  spectrum  was  much  nearer  to  the  blue  ex- 
tremity when  refracted  by  these  fluid  b*.     Therefore  a  con- 
cave lens  formed  of  such  fluids  which  united  the  red  and 
"videt  rays  in  F',  refracted  the  green  rays  toy*'. 

Having  observed  this,  it  was  an  obvious  conjecture,  that 

a.  mixture  of  some  of  these  fluids  might  produce  a  medium, 

liose  action  on  the  intermediate  rays  should  have  the  same 

tion  that  is  observed  on  common  glass ;  or  that  two 

them  might  be  found  which  formed  spectra  similarly  di- 

"^rided,  and  yet  diflering  sufficiently  in  dispersive  power  to 

^noable  us  to  destroy  the  dispersion  by  contrary  refractions, 

'^nthout  destroying  the  whole  refraction.     Dr  Blfdr  accord- 

U^lj  found  a  mixture  of  solutions  of  ammoniacal  and  mer- 

^marial  salts,  and  also  some  other  substances,  which  produced 

^iqperrions  proportional  to  that  of  glass,  with  respect  to  the 

diflenait  colours. 

And  thus  has  the  result  of  this  intricate  and  laborious 
i^nvestigation  a)rrosponded  to  his  utmost  wishes.     He  has 
I^voduoed  achromatic  telescopes  which  seem  as  perfect  as 
tfae  thing  will  admit  of;  for  he  has  been  able  to  give  them 
Ktich  apertures,   that  the  incorrigHjk  aberration   arising 
&oin  the  spherical  surfaces  becomes  a  sensible  quantity, 
•nd  precludes  farther  amplification  by  the  eye-glasses.     We 
Wre  examined  one  of  his  telescopes :  The  focal  distance  of 
tile  object-glass  did  not  exceed  17  inches,  and  the  aperture 
fully  S^  inches.     We  viewed  some  single  and  double 
and  some  common  objects  with  this  telescope ;  and 
iband,  that  in  magnifying  power,  brightness,  and  distinct- 
ness, it  was  manifestly  superior  to  one  of  Mr  Dollond's  of 
4S  inches  focal  length.     It  also  gave  us  an  opportunity  of 
i        admiring  the  dexterity  of  the  London  artists,  who  could 
1        ^ork  the  glasses  with  such  accuracy.     We  had  most  dis» 
I       t&nct  vision  of  a  star  when  using  an  erecting  eye-piece, 
A      wluch  made  this  telescope  magnify  more  than  a  hundred 
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times;  and  we  found  the  field  of  vision  as  tinifbra^il 
dnct  as  with  Dollond's  4S  inch  telescope  magnifying  i 
times.  The  intelligcDt  reader  must  admire  the  nice  Sga 
ing  and  centering  of  the  very  deep  eye-glasses  iriiki  ■ 
necessary  for  this  amplification. 

It  is  to  be  hoped  that  Dr  Blair  will  extend  his  limU 
g'ZiMJej  of  diilerent  compositions,  and  thus  give  uiatgccb 
glasses  which  are  solid ;  for  those  composed  of  fluidibnv 
inconveniences  which  will  hinder  them  from  coming  iali 
general  use,  and  will  confine  them  to  the  museums  of  pfai^ 
losophers.  Wc  imagine  that  antimonial  glosses  bid  fur  K 
answer  this  purpose,  if  they  could  be  made  free  of  aibjia, 
so  ae  to  transmit  enough  of  light.  We  recommend  tl 
dissertation  to  the  careful  perusal  of  our  readers.  Thoit 
who  have  not  made  themselves  much  ncquaioted  wilb  tl 
dehcate  and  ahstrusc  theory  of  aberraliona,  will  find  it  ttr 
hibited  in  such  a  popular  form  as  will  enable  them  toad* 
derstand  its  general  aim ;  and  the  well-informed  r 
find  many  curious  indications  of  inquiries  and  d 
yet  to  be  made. 

We  now  proceed  to  consider  the  eye-glasses  or  giuHl4 
telescojies.  The  proper  construction  of  an  eye-piece  is  a 
less  essential  than  that  of  the  object-glass.  But  010"  U 
will  not  allow  us  to  treat  this  subject  in  the  same  i 
We  have  already  extended  tltis  article  to  a  great  \tBffk 
because  we  do  not  know  of  any  performance  in  the  Eiigu 
language  which  will  enable  our  readers  to  undcrBland  it 
construction  of  achromatic  telescopes;  an  inveutioa  wluc 
reflects  honour  on  our  country,  and  has  completed  tlie  o 
coveriesof  our  illustrious  Newton.  Our  readers  will  fin 
abundant  information  in  Dr  Smith's  Optics  concerning  ti 
eye-glasses,  chiefly  deduced  from  Huyghens's  finethfWy* 
aberration.f     At  the  same  time,  we  must  ag^  pay  V 


+  While  we  thus  repeatedly  speak  of  ihe  theory  of  spheriedtfc 
ratioii  u  coming  from  Sir  Hujghens,  we  muit  not  omit  ginigi'l 


Mkmd  the  merited  compliment  of  saying,  that  he  was  the 
firet  who  luade  any  scieriliSc  application  uf  this  theory  to 
the  compound  eye-piece  for  erecting  tJie  object.  His  eye- 
jitees  of  five  and  six  glosses  are  very  ingenious  reduplic»« 
lions  of  Hujghens's  eye-piece  of  two  glasses,  and  would' 
probably  have  superseded  all  others,  had  not  his  discovery 
of  achromatic  objecl-glaases  caused  opticians  to  con»der  ttw 
dirotiutLic  dispersion  with  more  attention,  and  pointed  out 
mctbnds  of  correcting  it  in  tlie  eye-piece  without  any  com- 
pound eye-glasses.  They  have  found  that  this  may  bo 
more  conveniently  done  with  four  eye-glasses,  without  sei^ 
oUy  diminishing  the  advantages  which  Huyghens  showed 
to  result  from  employing  many  small  refractions  instead  of 
a  lesser  number  of  great  ones.  As  this  is  a  very  curious 
subject,  we  shall  give  enough  for  making  our  readers  fully 
aoquaiotL-d  with  it,  and  content  ourselves  with  merely  meo*. 
rnHiii^  the  prindptes  of  the  other  rules  for  constructing  a 
eye-piece. 

Such  readers  as  are  less  familiarly  acquainted  with  opt^^  J 
eal  djicusijions  will  do  well  lo  keep  in  mind  the  foUowin 
oonaeqticnces  of  the  general  focal  theorem  : 

IfAB  (Fig.  1*.)  be  a  lens,  H  a  radiant  pointer  fi 
of  incident  rays,  and  a  the  focus  of  parallel  rays  comicg>l 
from  the  opposite  aide ;  then, 


lliBR  of  the  hoiiaur  of  it  to  Dc  Barrow  anil  Mr  James  Gregory.  Tha 
Sntof  lliHM  autliors,  in  his  Optical  Lectures  ileiivFTed  at  Combrii^^ 
W  {^vcn  every  (iropoeitioo  which  is  employed  by  Hnyglietis,  and  bia 
*mi  prowcuttd  the  matter  much  t\irllier.  In  particular,  hia  theory 
(f  oUiquc!  ik-ndrr  pencils  is  of  immense  (oiisequence  to  the  perfection 
ofMlescopi^,  by  shuwitig  the  metboiUfbr  making  the  inmgc  of  an  ex- 
traded  surliicc  u  flat  as  possible.  Gregory,  too,  hoa  given  all  the 
fanduncnt*!  propuEitious  in  his  Optita  Pramoltt.  But  Huyghens,  by 
llUag  the  futgcct  togciber,  anil  treating  it  in  a  system,  has  greatly 
•hnpliiied  ji ;  and  his  inunnvr  of  viewing  the  priiiciiwl  poru  of  it  is 
liKoaiparvbly  more  peitpicuoui  ttian  the  perftrinancei  of  Barrow  and 
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1.  Draw  the  perpendicular  a  *  u>  llie  axiu,  mMting  ( 
incident  ray  in  a',  and  d  A'to  the  centre  of  the  len«.    T 
refracted  lay  BF  is  parallel  to  a'  A  :   for  R  a' ;  »  A  (s9 
K  o  :  o  A)  =  RB :  BF  (=  RA  :  AF).  which  is  thefiiai 
theorem. 

2.  An  oblique  pencil  BF  h  proceeding  from  anj  pgotP 
which  is  not  in  the  axis,  is  collected  to  the  point  J,  \ 
the  refracted  ray  BF  cuts  the  line  PA^  drawil  frtmt 
through  the  centre  of  the  lens :  for  P  a' ;  tf  A=PB :  B/ 
which  ia  also  the  focal  iheorm. 

The  Galilean  telescope  ia  susceptible  of  so  little  b 
meot,  that  we  need  not  employ  any  time  in  illustn 
performance. 

The  simple  astronomical  telescope  is  represented  ia  f^ 
16.  The  beam  of  parallel  rays,  inclined  to  the  axis,  is  n 
to  converge  to  a  point  G,  where  it  forms  an  image  of  tJM 
lowest  point  of  a  very  distant  object.  These  rays  i 
ing  from  G  fall  on  the  eye-glass;  the  ray  from  the  la 
point  B  of  the  object-glass  falls  on  tlie  eye-glass  at  i;  vd 
the  ray  from  A  tails  on  a ;  and  the  ray  from  the  oenlltO 
falls  on  o.  These  raya  are  rendered  parallel,  or  Deadjr  M^ 
by  refraction  through  the  eye-glass,  and  take  the  i 
bi/,ol,ai.  If  die  eye  he  placed  so  that  this  peool  «rpt> 
rellel  rays  may  enter  it,  they  converge  to  a  point  of  the  R 
tina,  and  give  distinct  vision  of  the  lowest  pnint  c^thecli 
ject.  It  appears  inverted,  because  the  rays  by  which  wen 
its  lowest  point  come  in  the  direction  which,  in  simple  v 
is  connected  with  the  upper  point  of  an  object.  Hi^ 
come  from  above,  and  therefore  are  thought  to  pnntd 
Ifom  above.  We  sec  the  point  as  if  situated  in  the  (fine- 
tion  I  o.  In  Hke  manner  the  eye  placed  at  I,  sees  the  upper 
point  of  the  object  in  the  direction  IP,  and  its  tniddle  18 
the  direction  IE.  The  proper  place  for  the  eye  is  I:  H 
brought  much  nearer  the  glass,  or  removed  much  faitlsr 
from  it,  some,  or  the  whole,  of  this  extreme  jtencil  ofnji 
will  not  enter  the  pupil.     It  is  therefore  of  importaiMeD 
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detfifmiae  this  point.  Because  the  eye  requires  parallel 
rajt  for  distinct  vision,  it  is  plain  that  F  must  be  the  prin- 
dpil  focus  of  the  eye-glass.  Therefore,  by  the  common 
fiwd  theorem  OF  :  OE  =  OE:  OI,or  OF  :  FE  =  0E:  EL 
The  magnifying  power  being  measured  by  the  magnitude 
of  tl^  insael  angle,  compared  with  the  magnitude  of  the 

Wial  angle  with  the  naked  eye,  we  have         -»  or    ^^p,for 

•  the  meaaurc  of  the  magnifying  power.     This  is  very  nearly 
OE        OF 
"*  IT  ^^  FI- 

As  the  line  OE,  joining  the  centres  of  the  lenses^  and 

popoidicular  to  their  surfaces,  is  called  the  axis  of  the  tele- 

*(Qp^  80  the  ray  OG  is  called  the  axis  of  the  oblique  pen- 

^  bong  really  the  axis  of  the  cone  of  light  which  has  the 

<4^jpct-g]aBs  for  its  base.     This  ray  is  through  its  whole 

^^Hma  the  axis  of  the  oblique  pencil ;  and  when  its  course 

^  delmnined,  the  amplification,  the  field  of  vision,  the  aper- 

^Uies  of  the  glasses,  are  all  determined     For  this  purpose 

have  only  to  consider  the  centre  of  the  object-glass  as  a 

pcnnt,  and  trace  the  process  of  a  ray  from  this  point 

^llmigii  the  oth^  glasses :  this  will  be  the  axis  of  some 

^4dic|ue  pencil. 

It  IS  evident,  therefore,  that  the  field  of  vision  depends 
<^  the.  breadth  of  the  eye-glass.  Should  we  increase  this, 
tbe  extreme  pencil  will  pass  through  I,  because  O  and  I  are 
still  the  conjugate  foci  of  the  eye-glass.  On  the  other  hand, 
Uie  angle  resolved  on  for  the  extent  or  field  of  vision  gives 
tile  breadth  of  the  eye-glass. 

We  may  here  observe,  by  the  way,  tliat  for  all  optical 
Uifltruments  there  must  be  two  optical  figures  considered. 
I^be  fibcst  shews  tlie  progress  of  a  pencil  of  rays  coming  from 
^^He  point  of  the  object.  The  various  focusses  of  this  pencil 
ahow  the  places  of  the  different  images,  real  or  virtual 
Such  a  figure  is  formed  by  the  three  rays  AG  a  i\  OG  o  I, 
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The  Beoond  shows  the  progress  of  the  axes  of  the  different 
pencils  proceeding  through  the  centre  of  the  object-g^ML 
The  focusses  of  this  pencil  of  axes  show  the  phices  where 
an  image  of  the  object-glass  is  formed  ;  and  this  pencil  de- 
termines th^field  of  vision,  the  apertures  of  the  lenses^  and 
the  amplification  or  magnifying  power.  The  three  rays 
OG  o  I,  OFEI,  OHPI,  form  this  figure. 

See  also  fig.  S4.  where  the  progress  of  both  sets  of  pencila 
is  more  diversified. 

The  perfection  of  a  telescope  is  to  represent  an  object 
in  its  proper  shape,  distinctly  magnified,  with  a  great  fidd 
of  vision,  and  suflBciently  bright.  But  there  are  limiti  to 
all  these  qualities ;  and  an  increase  of  one  of  them,  fisr  die 
most  part,  duninishes  the  rest.  The  brightness  depends  on 
the  aperture  of  the  object-glass,  and  will  increase  in  the 
same  proportion  (because  %  i'  will  always  be  to  AB  in  the 
proportion  of  EF  to  FO),  till  the  diameter  of  the  emeigent 
pencil  is  equal  to  that  of  the  pupil  of  the  eye.  Increasio^ 
the  object-glass  any  more  can  send  no  more  light  into  the 
eye.  But  we  cannot  make  the  emergent  pencil  neaxly  so 
large  as  this  when  the  telescope  magnifies  much ;  finr  the 
great  aperture  of  the  object-glass  produces  an  indistinct 
image  at  GF,  and  indistinctness  is  magnified  by  the  eye- 
glass. 

A  great*  field  of  vision  is  incompatible  with  the  true 
snape  of  the  object ;  for  it  is  not  strictly  true  that  all  xays 
flowing  from  O  are  refracted  to  I.  Those  rays  which  go 
to  the  margin  of  the  eye-glass  cross  the  axis  between  E 
and  I ;  and  therefore  they  cross  it  at  a  greater  angle  than 
if  they  passed  through  I.  Now  had  they  really  passed 
through  I,  the  object  would  have  been  represented  in  its 
due  proportions.  Therefore  since  the  angles  of  the  mar- 
ginal parts  are  enlarged  by  the  aberration  of  the  eye-^aaa, 
the  marginal  parts  themselves  will  appear  enlarged,  or  the 
object  appear  distorted.  Thus,  a  chess-board  viewed 
through  a  reading-glass  appears  drawn  out  at  the 
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nitfie  itraight  Itoes  ore  all  cliangcd  iiilo  curves,  ks  is  r&- 
pmented  in  6g.  19. 

The  circii instance  which  most  peremptorily  limits  the  ex- 
tant of  6eld  is  the  necessary  distinctness.  If  the  visioa 
be  indistinct,  it  is  useless,  and  no  other  quality  can  com- 
pOMte  this  defect.  The  distortion  is  very  inconsidcrabfe 
ia  much  larger  angles  of  vision  than  we  can  admit,  and  ia 
iia«(Mtby  of  the  attention  paid  to  it  by  optical  writers. 
They  have  bL-cn  induced  to  take  notice  of  it,  because  the 
mcsns  of  correcting  it  in  a  considerable  degree  arc  attain- 
sbte,  and  nlTord  an  opportunity  of  exhibiting  their  know- 
ledge :  whereas  ihe  indistinctness  which  accompanies  a  large 
field  is  a  suhjcet  of  most  difficult  discussion,  and  has  hithep- 
to  baffled  all  their  efforts  to  express  by  any  intelligib!e  or 
mmagcable  formulie. 

Tlii«  subject  must,  Jiowever,  be  considered.  The  image 
at  OP  of  a  very  remote  object  is  not  a  plfflu  surface  pcr- 
pendiciiiar  to  the  axis  of  the  telescope,  but  is  nearly  spheri- 
cal, baring  O  for  its  centre.  If  a  number  of  pencils  of  p*- 
raUd  nyf  crossing  each  other  in  I  fall  on  the  eye-glasa, 
they  will  form  a  picture  on  the  opposite  side,  in  the  focus 
¥.  But  this  picture  will  by  no  means  be  flat,  nor  nearly 
aoy  bat  very  concave  towards  E.  Its  exact  form  is  of  most 
£fficuU  investigation.  The  elements  of  it  are  given  by 
Df  Barrow  ;  and  wc  have  given  the  chief  of  them  in  the 
Mtide  Om-Ics,  when  considering  the  foci  of  infinitely  slea- 
dnr  IKDcils  of  oblique  rays.  Therefore  it  is  impossible  that 
the  {Hcturc  formed  by  the  object-glass  can  be  seen  distinct. 
ly  in  all  rU  parts  by  the  eye-glass.  Even  if  it  were  flat, 
the  poonu  G  and  H  (Fig.  16.)  are  too  far  from  the  cye>- 
glB»  when  the  middle  F  is  at  the  proper  di^ilance  for  di»- 
vi^n.  Wlien,  therefore,  the  telescope  is  so  adjusted 
tn  have  distinct  vision  of  the  middle  of  the  field,  in 
e  thr  margin  distinctly  we  must  push  in  the  eye- 
having  so  done,  the  middle  of  the  field  becomes 
When  the  field  of  vision  exceeds  12  or  15  do- 
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greea,  it  is  not  possible  by  any  contrivance  to  makeitl 
lerably  distinct  all  over ;  and  we  must  turn  tli 
successively  to  the  different  parte  of  the  Geld  tlut  n  M 
see  them  agreeably. 

The  cause  of  diis  indistinctness  is,  aa  we  have, 
fl^d,  the  sbortDess  of  the  lateral  foci  of  lateral  aadfilfifa 
pencils  refracted  by  the  eye-glass.     The  coinmoo 
nittioD  of  these  is  not  complete,  and  relates  only  to  ibi^ 
rays  which  are  on  a  plane  passing  through  die  itxii  cC  da 
lens.      But  the   oblique  pencil  bGa,  by  which  an.  q| 
placed  at  I  sees  the  point  G  of  the  image,  is  a  oone  of  Kg 
having  a  orcular  base  on  the  eye-glass ;  of  which  drdti 
is  one  of  the  diameters.     There  is  a  diameter  perpeadicdji 
to  this,  which,  in  tliis  figure,  is  represented  by  the  peiitt 
Fig.  17-  represents  the  base  of  the  cone  as  seen  by  toe 
placed  in  the  axis  of  the  telescope,  with  the  ubject^j^. 
appearing  behind  it.     The  point  b  is  formed  by  a  ny  wfaii 
comes  from  the  lowest  point  B  of  the  object-glas8y  uii 
po'uit  a  is  illuminated  by  a  ray  from  A.      The  polt  A 
the  righuhand  of  the  circular  base  of  this  cone  of  Ii^i 
from  the  point  C  on  the  lefl  ade  of  the  object-^oii 
the  light  comes  to  d  I'roni  D.     Now  the  laws  of  opiv 
monstrate,  tliat  the  rays  which  oome  through  the  pai 
and  d  are  more  convergent  aAcv  refraction  tlian  the 
which  come  through  a  and  b.     Tiie  analogies,  then 
which  ascert^un  the  foci  of  rays  lying  in  the  planes  fu 
through  the  axis  do  nut  determine  the  twu  of  ihccd 
Of  this  we  may  lie  sensible  fay  looking  through  aloiiM.t, 
figure  on  which  are  drawn  concentric  circles  cnaM^lf 
radii.     When  the  telescope  is  so  adjusted  that  wi 
tinctly  the  extrenuty  of  one  of  the  radii,  we 
distinctly  ilic  circumference  which  crosses  the  cxI 
equal  dutinctness,  and  vux  vena.     ThisdiSei 
ever,  between  tiie  foci  of  the  lays  which  come 
and  b,  and  those  wtuch  ootao  through  c  and  d,  b  nBtofa 
t  iq  tU:  Cclds  of  x-tsioii,'  which  arc  otherwat 
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BMiUe.     But  the  same  cUfference  of  fod  obtainB  also  with 

ntptdt  to  the  dispersion  of  light,  and  is  more  remarkable. 

Both  d'*Alembert  and  Euler  have  attempted  to  introduce 

it  into  their  formulae ;  but  they  have  made  them  useless 

Sat  way  practical  purpose  by  their  inextricable  complicaticm. 

Tfab  must  serve  as  a  general  indication  of  the  difficulties 

"wUdi  oecur  in  the  construction  of  telescopes,  even  although 

tfae  dhgect-glass  were  perfect,  forming  an  image  without  the 

smDest  confusion  or  distortion. 

There  is  yet  another  difficulty  or  imperfection.    The 

Twp  flf  the  pencil  aGby  when  refracted  through  the  eye« 

f^mif  are  also  separated  into  their  component  colours.     The 

td|p  of  the  lens  must  evidently  perform  the  office  of  a  prism, 

sad  (he  white  ray  G  b  will  be  so  dispersed  that  if  6  i'  be  the 

pdiof  its  red  ray,  the  violet  ray,  which  makes  another 

pnt  of  it,  will  take  such  a  course  b  n  that  the  angle  i'bn 

^  he  nearly  ^^th  of  G  &  i'.    The  ray  G  a  pasang  through 

tfvtof  the  lens  whose  surfaces  are  less  inclined  to  each 

oikr,  irill  be  less  refracted,  and  will  be  less  dispersed  in  the 

•me  pnqx>rtion  very  nearly.     Therefore  the  two  violet  rays 

win  be  very  nearly  parallel  when  the  two  red  rays  are  ren- 

doed  parallel. 

Hence  it  must  happen,  that  the  object  will  appear  bor- 
dered with  coloured  fringes.     A  black  line  seen  near  the 
^^ttgut  on  a  white  ground  will  have  a  ruddy  and  orange 
t^OBder  on  the  outside  and  a  blue  border  within  :  and  this 
^mfasion  is  altogether  independent  on  the  object-glass  and 
^SD  mudi  the  greater  as  the  visual  angle  b  IE  is  greater. 

Sueh  are  the  difficulties :  They  would  be  insurmount- 
^hle  were  it  not  that  some  of  them  are  so  connected  that,  to 
^^  certain  extent,  the  diminution  of  one  is  accompanied  by 
^^  fnunution  of  the  other.  These  curves  are  the  geometri- 
^^  loci  of  the  foci  of  infinitely  slender  pencils.  Conse- 
^venlly  the  point  G  is  very  nearly  in  the  caustic  formed  by 
^  beam  of  light  consisting  of  rays  parallel  to  I  o,  and  oc- 
^^ipjing  the  whole  surface  of  the  eye-glass,  because  the 


I  ther  from  a  and  by  we  shall  bring  it  nearer  to  6,  i 

tain  more  distinct  vision  of  this  point  of  the  object 

■  let  it  be  recollected,  that  in  moderate  refractions  1 

prisms,  two  rays  which  are  inclined  to  each  other  in 
angle  are,  after  refraction,  inclined  to  each  other  in  tl 
angle.  Therefore,  if  we  can  diminish  the  aberratioi 
ray  at,  or  o  I,  or  b  i',  we  diminish  their  mutual  indi 
and  consequendy  the  mutual  inclination  of  the  ra 
6  0,  G  b\  and  therefore  lengthen  the  focus,  and  g 
distinct  vision  of  the  point  G.  Therefore  we  at  o 
rect  the  distortion  and  the  indistinctness :  and  th: 
aim  of  Mr  Huyghens'^s  great  principle  of  dividing 
fractions. 

The  general  method  is  as  follows :  Let  o  be  the 
glass  (Fig.  19.)  and  E  the  eye-glass  of  a  telesoo] 
F  their  common  focus,  and  FG  the*  image  formed 
object-glass.  The  proportion  of  their  focal  disti 
supposed  to  be  such  as  gives  as  great  a  magnifying! 
the  perfection  of  the  object-glass  will  admit  L€ 
the  axis  of  the  emergent  pencil.  It  is  known  by  1 
theorem  that  GE  is  parallel  to  BI :  therefore  B6i 
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df«w  ihe  perpendicular  DH,  cutting  OG  in  H ;  draw  U  c 
{anllel  to  GC,  culling  tiD  in  g ;  draw  g-y  perpendicular 
totheaxi^;  and ^e  parallel  to  GE;  draw  e ft  perpendlcu- 
Iwto  the  axis;  draw  D  '  parallel  to  GC,  and  >d  perpen- 
^touiar  to  the  axis. 

Then  if  there  be  placed  at  I>  a  lens  whose  focal  distance 
i>  Jyd,  and  another  at  e,  whose  focal  distance  is  c^,  the 
diing  is  done.  The  ray  OH  will  be  refracted  into  H  b, 
ttuB  into  b  i  parallel  to  BI. 

The  demonstration  of  this  construction  is  so  evident  by 
'■eBSa  of  the  common  focal  theorem,  that  we  need  not  re- 
pnt  it,  nor  tl>e  reason  for  its  advantages.  We  have  the 
lagnifying  power,  and  the  same  field  of  vision ;  we 
aberration,  and  therefore  less  distortion  and  in- 
and  tJiis  is  brought  about  by  a  lens  HD  of  a 
aperture  and  a  greater  focal  distance  than  BE. 
itly,  if  we  arc  contented  with  the  distinctness  of 
rgin  of  the  (ield  with  a  single  eye-glass,  we  may 
{KaUj'  increase  Ihe  field  of  vision  :  for  if  we  increase  DH 
totbenze  of  EB  we  shall  have  a  greater  field,  and  much 
grttter  distinctness  in  the  uiargin  ;  because  HD  is  of  a 
lo^tr  focal  distance,  and  will  bear  a  greater  aperture,  pre- 
RrriBg  the  same  distinctness  at  the  edge.  On  this  ac- 
Dtant  the  glass  HD  is  commonly  called  the  Field-ffltun. 

It  must  he  ol>served  here,  however,  that  although  the 
£ltorUon  of  tlie  object  is  lessened,  rlierc  is  a  real  distortion 
{rodncod  in  the  image  J'^.  But  this,  when  magnified  by 
the  glan  c,  is  smaller  than  the  distortion  produced  by  the 
g^bu  G,  of  greater  aperture  and  shorter  focus,  on  the  tin- 
diatorted  image  GF.  But  because  there  is  a  distortion  in 
the  HctMid  iiBugefg,  this  construction  cannot  be  used  for 
the  tdcscopes  of  astronomical  quadrants,  and  other  graduat- 
ed instruments ;  because  then  equal  diviiiions  of  the  micro- 
meter would  not  correspond  to  equal  angles. 

But  the  same  construction  will  answer  in  ihLi  case,  by 
Uking  the  point  D  on  that  side  of  F  which  is  remote  from 
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O  (Fig.   80.)      This  is  the  form  now  employed  in  tbe 
tdesoopes  of  all  graduated  instruments. 

The  exact  proportion  in  which  the  distortion  and  the  i^ 
distinctness  at  the  edges  of  the  field  are  diminished  by 
construction,  depends  on  the  proportion  in  which  the 
B6E  is  divided  by  GC ;  and  is  of  pretty  difficult  ini 
gation.     But  it  never  deviates  far  (never  j^  in  opticBl 
struments)  from  the  proportion  of  the  squares  of  the 
We  may,  without  any  sensible  error,  suppose  it  in  this 
portion.     This  gives  us  a  pracdca}  rule  of  easy 
tion,  and  of  most  extensive  use.     When  we  would 
an  aberration  by  dividing  the  whole  refraction  into 
parts,   we   shall  do  it  most  effectually  by  making 
equal.     In  like  manner,  if  we  divide  it  into  three  parts 
means  of  two  additional  glasses,  we  must  make  each 
of  the  whole ;  and  so  on  for  a  greater  number. 

This  useful  problem,  even  when  limited,  as  we  havp*"^ 
done,  to  equal  refractions,  is  as  yet  indeterminate;  that  ifl^^ 
susceptible  of  an  infinity  of  solutions :  for  the  point  D»^ 
where  the  field-glass  is  placed,  was  taken  at  pleamire;  ye^- 
there  must  be  situations  more  proper  than  others.  Th^^ 
aberrations  which  produce  distortion,  and  those  wludi 
duce  indistinctness,  do  not  follow  the  same 
To  correct  the  indistinctness,  we  should  not  select  sudi 
ations  of  the  lens  HD  as  will  give  a  small  focal  distance 
be;  that  is,  we  should  not  remove  it  very  far  fn»i  Vm^* 
Huyghens  recommends  the  proportion  of  3  to  1  for  that 
the  focal  distances  of  the  lens  HD  and  e  i,  and  says 
the  distance  D  e  should  be  ==  2  F  ^.  This  putsy* too 
to  HD,  and  thus  shows  the  dust  on  HD.  This  will 
^  i  =  ^  ^  F,  and  will  divide  the  whole  refraction  into 
equal  parts,  as  any  one  will  readily  see  by  constructing 
common  optical  figure.  Mr  Short,  the  celebrated  im] 
of  reflecting  telescopes,  generally  employed  this  prcqwrtkm: 
and  we  shall*  presently  see  that  it  is  a  very  good  one. 

It  has  been  already  observed,  that  the  great  refnctiau-^' 
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which  take  ptaoe  on  the  eye-glasses  occasion  very  oonrider- 
lUe  dispersions,  and  disturb  the  vision  by  fringing  every 
lUiig  with  colours.  To  remedy  this,  achromatic  eye-glasses 
nty  be  employed,  constructed  by  the  rules  already  detivo*- 
A  This  construction,  however,  is  incomparably  more  in- 
tiiarte  than  that  of  object-glasses :  for  the  equations  must 
iovdve  the  distance  of  the  radiant  pcnnt,  and  be  more  oom- 
|fie«led :  and  this  complication  is  immensely  increased  on 
aDOOunt  of  the  great  obliquity  of  the  pencils. 
Most  fortunately  the  Huyghenian  construction  of  an  eye- 
enables  us  to  correct  this  dispersion  to  a  great  degree  of 
A  heterogeneous  ray  is  dispersed  at  H,  and  the 
nd  XBy  belonging  to  it  /alls  on  the  lens  i  ^  at  a  greater 
fatance  from  the  centre  than  the  violet  ray  coming  from 
H.  It  will  therefore  be  less  refracted  (coeteris paribus)  by 
the  lens  b  e ;  and  it  is  possible  that  the  difference  may  be 
ndi  that  the  red  and  violet  rays  dispersed  at  H  may  be 
tendered  parallel  at  &,  or  even  a  little  divergent,  so  as  to 
mdB  accurately  with  the  red  ray  at  the  bottom  of  the  eye. 
Hofvr  this  may  be  effected,  by  a  proper  selection  of  the 
flapes  and  figures  of  the  lenses,  will  appear  by  the  follow- 
ing proportion,  which  we  imagine  is  new  and  not  inele- 

Let  the  compound  ray  OP  (Fig.  21)  be  dispersed  by 
die  lens  PC ;  and  let  PV,  PR  be  its  violet  and  red  rays, 
cottiiig  the  axis  in  G  and  ff.  It  is  required  to  place  an- 
odmr  lens  RD  in  their  way,  so  that  the  emergent  rays  R  r, 
V  9,  shall  be  parallel. 

Froduce  the  incident  ray  OP  to  Z.     The  angles  ZPR, 

ZPR\ 
ZPV,  are  given,  (and  RPV  is  nearly  =  —^=-  j  and  the  in- 

ttsections  G  and  g  with  the  axis.  Let  F  be  the  focus  of 
larallel  red  light  coming  through  the  lens  RD  in  the  op- 
^oAte  direction.  Then  (by  the  common  optical  theorem), 
^  perpendicular  F  e  will  cut  PR  in  such  a  point  ^,  that 
'  P  will  be  parallel  to  the  emergent  ray  R  r  and  to  V  v. 
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Therefore  if  ^  D  cut  PV  in  u,  and  uf  be  drawn  perpend^ 
cular  to  the  axis,  we  shall  have  (also  by  the  common  tbec: 
rem)  the  pointy*  for  the  focus  of  violet  rays,  and  DF :  D^ 
=  D  c :  D  w  =  28 :  27  nearly,  in  a  given  ratio. 

The  problem  is  therefore  reduced  to  this :  <<  To  draii 
from  a  point  D  in  the  line  C6  a  line  D  ^,  which  shall  be 
cut  by  the  lines  PR  and  PV  in  the  given  ratio. 

The  following  construction  naturally  offers  itself:  Make 
GM  :  ^  H  in  the  given  ratio,  and  draw  ME  parallel  toPgf. 
Through  any  point  D  of  CG  draw  the  straight  line  PDK, 
cutting  ME  in  E.  Join  GE,  and  draw  D  i  parallel  to  KG. 
This  will  solve  the  problem ;  and,  drawing  e  F  perpendicu- 
lar to  the  axis,  we  shall  have  F  for  the  focus  of  the  lens 
HP  for  parallel  red  rays. 

The  demonstration  is  evident ;  for  ME  being  parallel  to 
P^,  we  have  GM  :g-M  =  GE :  HE,  ==cD,  :  uD— FD 
:y  D,  in  the  ratio  required. 

This  problem  admits  of  an  infinity  of  solutions ;  because 
the  point  D  may  be  taken  any  where  in  the  line  CG.  It 
may  therefore  be  subjected  to  such  conditions  as  may  pro- 
duce other  advantages. 

1.  It  may  be  restricted  by  the  magnifying  power,  or  by 
the  division  which  we  choose  to  make  of  the  whole  refiic* 
tion  which  produces  this  magnifying  power.  Thus,  if  we 
have  resolved  to  diminish  the  aberrations  by  muking  the- 
two  refractions  equal,  wc  have  determined  the  angle  B  r  D. 
Therefore  draw  GE,  making  the  angle  MGE  equal  to  that 
which  the  emergent  pencil  must  make  with  the  axis,  in 
order  to  produce  this  magnifying  power.  Then  draw  ME 
parallel  to  P^,  meeting  GE  in  E.  Then  draw  PK,  cut- 
ting the  axis  in  D,  and  D  ^  parallel  to  GE,  and  ^  F  per- 
pendicular to  the  axis.  D  is  the  place,  and  DF  the  focal 
distance  of  the  eye-glass. 

3.  Paiticular  circumstances  may  cause  us  to  fix  on  a  par-- 
ticular  place  D,  and  we  only  want  the  focal  distance.  In- 
this  case  the  first  construction  suflBces. 
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&  We  may  have  determined  on  a  certain  focal  dis- 
InoeDF,  and  the  place  must  be  determined.  In  this 
cvelet 

6F  :  Fc  =  1 :  tan.  G 

Fc   \fu  =  1 :  m,  m  being  =  \\ 

f^  'fg  =  tan.  g^ :  1 
tim         6F  ifg  =  tan.  g :  m  tan.  G 
tLa  GF— /gf :  GF  =  tan.  g—m  tan.  G :  tan.  ^ 
OP    6^4-F/:  GF  =  tan.  gf — w  tan.  G:  tan.  ^; 

od  GF  =  G  £•  +  FA ^^ — 7T,  andis  there- 

^  ^      '^  tan.g — w».tan,G 

ton  ghren,  and  the  place  of  F  is  determined ;  and  since  FD 
iipven  by  suppodtion,  D  is  determined. 

The  application  of  this  problem  to  our  purpose  is  diffi- 
coit,  if  we  take  it  in  the  most  general  terms ;  but  the  na- 
ture of  the  thing  makes  such  limitations  that  it  becomes 
vgj  easy.  In  the  case  of  the  disper^on  of  light,  the  angle 
CrPf  18  so  small  that  MK  may  be  drawn  parallel  to  FG 
^tliout  any  sensible  error.  If  the  ray  OP  were  parallel  to 
C6,  then  G  would  be  the  focus  of  the  lens  PC,  and  the 
poinl  M  would  fall  on  C  ;  because  the  focal  distance  of  red 
K^i  k  to  that  of  violet  rays  in  the  same  proportion  for  every 
>«%  and  therefore  CG :  Cg  =  DF  :  D/  Now,  in  a  tcle- 
■ope  which  magnifies  considerably,  the  angle  at  the  object- 
PUB 18  very  small,  and  CG  hardly  exceeds  the  focal  dis- 
tace ;  and  CG  is  to  Cg  very  nearly  in  the  same  proportion 
rf  88  to  27.  We  may  therefore  draw  through  C  (Fig. 
1.)  a  line  CK  parallel  to  PG  :  then  draw  GK'  perpendi- 
cdir  to  the  axis  of  the  lenses,  and  join  PE' ;  draw  E'BE 
PUaOel  to  CG,  cutting  PE  in  B ;  draw  BHI  parallel  to 
GK,  cutting  GE'  in  H  :  Join  HD  and  PE.  It  is  evident 
4at  CG  is  bisected  in  F',  and  that  K'B  =  2  F'D :  also 
KB:  HG  =  EB  :  BE,  =  CD  :  DG.  Therefore  DH  is 
Parallel  to  CE',  or  to  PG.  But  because  PF  =  F'E', 
W)  is  =  DB,  imd  IH  =  HB.  Therefore  «D  =  HB,  and 
.     Vol.  til  8  I 
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FD  z=  K'B,  =2  F'D;  and  FD  is  bisected  in  F'.   That- 

foreCD^^t— • 

That  i?,  in  order  that  the  cye-j;lass  JRD  may  correct  the 
dispersion  of  the  field-glass  PC,  the  distance  between  them 
muMt  be  equal  to  the  half  sum  r.f  tlieir  Jbcal  distofuxiTttj 
nearly.  More  exactly,  the  distance  between  tlicm  mdk 
equal  to  tlie  half  sum  of  the  Jbcal  distance  of  tlie  eye-^m^ 
and  the  distance  at  zchich  the  Jield-glass  would  fimm 
iyna^e  qftlu  object-glass.  For  the  point  6  is  the  focus  to 
which  a  ray  coming  from  the  centre  of  the  object-glaas  k 
refracted  by  the  field-glass. 

This  is  a  very  simple  solution  of  this  important  proUn. 

Huyghens's  eye-piece  corresponds  with  it  exactly.    If  in- 

deed  the  dispersion  at  P  is  not  entirely  produced  by  theie- 

fraction,  but  perhaps  combined  with  some  previous  difper- 

sion,  the  point  M  (Fig.  21.)  will  not  coincide  vith  Q 

(Fig.  22. )>  and  we  shall  have  GC  to  GM,  as  the  ntml 

dispersion  at  P  to  the  dispersion  which  really  obtains  Aete. 

r^.-            ,            ,                        CG+FD 
1  Ills  may  destroy  the  equation  = ^ • 

Thus,  ill  a  manner  rather  unexpected,  have  we  freedthe 
eye-glasses  from  the  greatest  part  of  the  effect  of  di^peRion. 
We  may  do  it  entirely  by  pushing  the  eye-glass  a  Etde 
nearer  to  the  field-fflass.  This  will  render  the  violet  rana 
little  divergent  from  the  red,  so  as  to  produce  a  perfxt 
picture  at  the  bottom  of  the  eye.  But  by  doing  so  ft 
have  hurt  the  distinctness  of  the'  whole  pietut-e,  bwMSf 
F  is  not  in  the  focus  of  RD.  We  remedy  this  by  drif. 
ing  lx>th  glasses  out  a  little,  and  the  telescope  is  mudepB'- 
fccl. 

This  improvement  cannot  be  applied  to  the  constwcW 
of  quadrant  telescopes,  such  as  Fig.  20.  'Mr  HamJa 
has  attempted  it,  however,  in  a  very  ingenious  way,wlni 
merits  a  place  here,  and  is  also  instructive  in  another  n^i 
The  fidd^ats  HD  (Fig.  20.)  is  a  plano-convex,  with  ifrj 
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phne  nde  next  the  image  GF.  It  is  placed  very  near  this 
image.  The  consequence  of  this  disposition  is,  that  the 
imtge  GF  produces  a  vertical  image  gf^  which  is  much  less 
convex  towards  the  glass.  He  then  places  a  lens  on  the 
point  C,  where  the  red  ray  would  cross  the  axis.  The  vio- 
ktny  will  pass  on  the  other  side  of  it.  If  the  focal  dis- 
tmee  of  this  glass  beyc,  the  vision  will  be  distinct  and  free 
from  colour.  It  has,  however,  the  inconveniency  of  oblig- 
ing the  eye  to  be  close  to  the  glass,  which  is  very  trouble- 


This  would  be  a  good  construction  for  a  magic-lantern, 
or  fir  the  object-glass  of  a  solar  microscope,  or  indeed  of 
•j  compound  microscope. 

We  may  presume  that  the  reader  is  now  pretty  familiar 
vilh  the  different  circumstances  which  must  be  con^dered 
in  the  construction  of  an  eye-piece,  and  proceed  to  consider 
ttoie  which  must  be  employed  to  erect  the  object 

This  may  be  done  by  placing  the  lens  which  receives  the 
li^  from  the  object-glass  in  such  a  manner,  that  a  second 
■ttge  (inverted  with  respect  to  the  first)  may  be  formed 
kjond  it,  and  this  may  be  viewed  by  an  eye-glass.  Such 
t  conitnictaon  is  represented  in  Fig.  23.  But,  besides  many 
<Aer  defects,  it  tinges  the  object  prodigiously  with  colour, 
the  tiy  o  <2  is  dispersed  at  d  into  the  red  ray  d  r,  and  the 
'iolet  dv^  V  being  farther  from  the  centre  than  r,  the  re- 
ftkted  ray  v  v'  crosses  r  t'  both  by  reason  of  spherical  aber- 
l&m,  and  its  greater  refrangibility. 

But  the  common  day  telescope,  invented  by  F.  Rheita, 

&i^  in  this  respect,  greatly  the  advantage  of  the  one  now 

dooibed.     The  rays  of  compound  light  are  dispersed. 

^Tie  violet   ray   falls  without  the   red  ray,   but  is  ac- 

^Untidy  collected   with   it  at  the  focus  as  we  shall   de- 

*>taiitnte  by  and  by.     Since  they  cross  each  other,  the 

^^i«Itt  ray  must  fall  within  the  red  ray,  and  be  less  re- 

than  if  it  had  fallen  on  the  same  point  with  the 


\ 
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red  my.  H^d  it  fallen  then;  it  woidd  hafie  sepan 
it;  but  by  a  proper  diminuticm  of  its  tAmctioBf 
puallel  to  it,  or  nearly  ao.  And  this  ia  one  exe 
tbiB  telescope;  when  cooatructed  witb  three  e 
perfectly  equal,  the  colour  is  sensibly  ditwiniahed 
unng  an  eyeglass  somewhat  smallei^  it  may  be 
entirely.^— We  say  no  more  of  it  at  present,  becani 
find  ita  oonsdruction  included  in  another,  winch  iai 
perfect 

It  is  evident  at  first  sight  that  this  tcksoope 

improved,  by  substituting  for  the  eye-gUas,  tba.J 

man  douUe  eye>glass,  or  field-glass  and  eje-|^ 

sented  in  Fig.  19*  and  Fig.  SO ;  and  that  the  Sa/k 

may  be  improved  and  rendered  aduromatic.    1 

require  the  two  glasses  e^  and  ^  A  to  be  incmi 

thdr  present  dimeneoons  to  the  dze  of  a  fidd-^sa 

to  the  magnifying  power  of  the  tdeabope^  nVpQil 

astronomical  telescope.     Thus  we  shall  have  a  tdb 

four  eye-glasses.     The  three  first  will  be  of  a  cnt 

focal  distance,  and  two  of  them  will  have  a  comai 

at  6.     But  this  is  considerably  difierent  ftom  thecj 

of  four  glasses  which  are  now  used,  and  are  farbeH 

are  indebted  for  them  to  Mr  Dollond,  who  was  aa| 

tidan  as  well  as  an  artist,  and  in  the  course  of  Usi 

discovered  resources  which  had  not  been  tlxiugfat^ 

had  not  then  discovered  the  achromatic  object-|^ 

was  busy  in  improving  the  eye-glasses  by  dimimdai 

spherical  aberration.     His  first  thou^t  was  to  hi 

Huyghenian  addition  at  both  the  images  of  thejl 

scope.     This  suggested  to  him  the  following  eje^ 

five  glasses. 

Fig.  84.  represents  this  eye-piece,  but  there  is  n 
for  the  object-glass  at  its  proper  distance.  A  { 
rays  coming  from  the  upper  point  of  tlie  object  is  I 
converge  (by  the  object-glass)  to  G,  where  it  woa 
a  picture  of  that  part  of  the  object.     But  it  is  inte 
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by  the  lens  A  a,  and  its  axis  is  bent  towards  the  axis  of 

the  telescope  in  the  direction  a  b.     At  the  same  time,  the 

fmys  which  converged  to  G  converge  to  g,  and  there  is 

formed  an  inverted  picture  of  the  object  at  gf.    The  axis 

of  the  pencil  is  again  refracted  at  6,  crosses  the  axis  of  the 

tdescope  in  H,  is  refracted  ag^n  at  r,  at  J,  and  at  e^  and 

at  last  crosses  the  axis  in  i.     The  rays  of  this  pencil,  di- 

terging  from  g,  are  made  less  diverging,  and  proceed  as  if 

they  came  from  g'j  in  the  line  B  gg'.     The  lens  c  C  causes 

Ihem  to  converge  to  g\  in  the  line  G"  C  g\     The  lens  d  D 

Dikes  them  converge  still  more  to  G''^  and  there  they  form 

in  erect  picture  G"  F" ;  diverging  from  G",  they  are  ren- 

daed  parallel  by  the  refraction  at  e. 

At  H  the  rays  are  nearly  parallel.  Had  the  glass  B  b 
kea  a  little  farther  from  A,  they  would  have  been  accu- 
mdy  80,  and  the  object-glass,  with  the  glasses  A  and  B, 
VQold  have  formed  an  astronomical  telescope  with  the  Huy- 
ijbeiuan  eye-piece.  The  glasses  C,  D,  and  E,  arc  intended 
■erely  for  bending  the  rays  back  again  till  they  again  cross 
the  axis  in  I.  The  glass  C  tends  chiefly  to  diminish  the 
gmfc  angle  BH&;  and  then  the  two  glasses  D  and  £  arc 
QoAo'  Huyghenian  eye-piece. 

The  art  in  this  construction  lies  in  the  proper  adjustment 
rfthe  glasses,  so  as  to  divide  the  whole  bending  of  the  pen- 
d  pretty  equally  among  them,  and  to  form  the  last  image 
n  the  focus  of  the  eye-glass,  and  at  a  proper  distance  from 
Ae  other  glass.     Bringing  B  nearer  to  A  would  bend  the 
pencil  more  to  the  axis.     Placing  C  farther  from  B  would 
do  the  same  thing ;  but  this  would  be  accompanied  with 
more  aberration,  because  the  rays  would  fall  at  a  greater 
^stance  from  the  centres  of  the  lenses.    The  greatest  bend- 
ing 18  made  at  the  field-glass  D ;  and  we  imagine  that  the 
telescope  would  be  improved,  and  made  more  distinct  at  the 
edges  of  the  field,  by  employing  another  glass  of  great  focal 
^stance  between  C  and  D. 
There  is  an  image  formed  at  H  of  the  object-glasses,  and 
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the  whole  light  passes  through  a  small  circle  in  this  place. 
It  is  usual  to  put  a  plate  here  pierced  with  a  hole  which  has 
the  diameter  of  this  image.  A  second  image  of  the  object- 
glass  is  formed  at  I,  and  indeed  wherever  the  pencUa  cross 
the  axis.  A  lens  placed  at  H  makes  no  change  in  any  of 
the  angles,  nor  in  the  magnifying  power,  and  affects  only 
the  place  where  the  images  are  formed.  And,  on  the  other 
hand,  a  lens  placed  at/,  or  F'',  where  a  real  image  isfbcm- 
ed,  makes  no  change  in  the  places  of  the  images,  but  affects 
the  mutual  inclination  of  the  pencils.  This  affords  a  le- 
source  to  the  artist,  by  which  he  may  combine  properties 
which  seem  incompatible. 

The  aperture  of  A  determines  the  vLdble  field  and  all  the 
other  apertures. 

We  must  avoid  forming  a  real  image,  such  as  yg,  or 
F"  6" ,  on  or  very  near  any  glass.  For  we  cannot  aee  this 
image  without  seeing  along  with  it  every  particle  of  dust 
and  every  scratch  on  the  glass.  We  see  them  as  makiog 
part  of  the  object  when  the  image  is  exactly  on  the  glass, 
and  we  see  them  confusedly,  and  so  as  to  confuse  the  ob- 
ject, when  the  image  is  near  it.  For  when  the  image  is  on 
or  very  near  any  glass,  the  pencil  of  light  occupies  a  very 
small  part  of  its  surface,  and  a  particle  of  dust  intercepts  a 
great  proportion  of  it. 

It  is  plain  that  this  construction  will  not  do  for  the  tde- 
scope  of  graduated  instruments,  because  the  micrometer  can- 
not be  applied  to  the  second  image  yjg",  on  account  of  its 
being  a  little  distorted,  as  has  been  observed  of  the  Huyghe- 
nian  eye-piece. 

Also  the  interposition  of  the  glass  C  makes  it  difficult  to 
correct  the  dispersion. 

By  proper  reasoning  from  the  correction  in  the  Huyghe — 
nian  eye-piece,  we  are  led  to  the  best  construction  of 
with  three  glasses,  which  we  shall  now  consider,   taking  i* 
in  a  particular  form,  which  shall  make  the  discussion 
and  make  us  fuUy  masters  of  the  principles  which  lead  to 
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better  form.  Therefore  let  FA  (Fig.  S5.)  be  the  glass  which 
first  rec^ves  the  light  proceeding  from  the  image  formed  by 
the  objecUglass,  and  let  OP  be  the  axis  of  the  extreme  pen- 
cil. This  is  refracted  into  FR,  which  is  again  refracted 
into  R  r  by  tlie  next  lens  B  r.  Let  b  be  the  focus  of  pa- 
rallel rays  of  the  second  lens.  Draw  Ffi  r.  We  know  that 
Ai  :  6B  =  FB  :  B  r,  and  that  rays  of  one  kind  diverging 
fiom  P  will  be  collected  at  r.  But  if  PR,  PV  be  a  red 
and  a  violet  ray,  the  violet  ray  will  be  more  refracted  at  V, 
40Hl'Will  cross  the  red  ray  in  some  intermediate  point  g  of 
the  line  R  r.  If  therefore  the  first  image  had  been  formed 
pnpdsely  on  the  lens  FA,  we  should  have  a  second  image  at 
fg  free  from  all  coloured  fringes. 

If  the  refractions  at  F  and  R  are  equal  (as  in  the  common 
day  telescope),  the  dispersion  at  V  must  be  equal  to  that  at 
f  I  or  the  angle  vY  r  =  VFR.  But  we  have  ultimately 
BPV  :  Rr V  =  BC  :  AB,  (=  B6  :  Aft  by  the  focal  theo- 
urn).  Therefore  gW  r  :  grV  (or  gr:  gW^  or  Cf.fB) 
&  B6:  Aft,  and  AB :  Aft  =  R  r :  Rg-, 

Thb  shows  by  the  way  the  advantage  of  the  common  day 
tdewope.  In  this  AB  =:  2  A  ft,  and  therefore/  is  the  place 
0f  the  last  image  which  is  free  from  coloured  fringes.  But 
this  image  will  not  be  seen  free  from  coloured  fringes  tlirough 
the  eye-glass  C  r,  ify  be  its  focus :  For  had  gr,gv  been 
lioth  red  rays,  they  would  have  been  parallel  after  refrac- 
tion ;  but  g  V  being  a  violet  ray,  will  be  more  refracted.  It 
will  not  indeed  be  so  much  deflected  from  parallelism  as  the 
Tiolet  ray,  which  naturally  accompanies  the  red  ray  to  r, 
because  it  falls  nearer  the  centre.  By  computation  its  dis- 
peruon  is  diminished  about  jth. 

In  order  that  g  v  may  be  made  parallel  to  g  r  after  re- 
finction,  the  refraction  at  r  must  be  such  that  the  disper- 
sion corresponding  to  it  may  be  of  a  proper  magnitude. 
How  to  determine  this  is  the  question.  Let  tlie  dispersion 
at  g  be  to  the  dispersion  produced  by  the  refraction  at  r 
(which  is  required  for  producing  the  intended  magnifying 
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power)  as  1  to  9,  Make  9  : 1  =ff  \f  C,  =/C  :  CD, 
and  draw  the  perpendicular  D  ¥  meeting  the  refracted  ray 
rr'  in  f^.  Then  we  know  by  the  common  focal  thecneniy 
that  if/'  be  the  focus  of  the  lens  C  r,  red  rays  diTei]g^iig 
from  g  will  be  united  in  r'.  But  the  violet  ray  g  v  will  be 
refracted  into  v  xf  parallel  to  r  r^.  For  the  angle  vr^r: 
vgr=  (ultimately) /C  :  CD,  =  9: 1.  Therefore  the ang^ 
vr^ris  equal  to  the  dispermon  produced  at  r,  and  diap^ 
fore  equal  to  r^vrf^  and  v  t;'  is  parallel  to  r  K 

But  by  this  we  have  destroyed  the  distinct  vimon  of  tiie 
image  formed  at^g,  because  it  is  no  longer  at  the  focus  of 
the  eye-glass.  But  distinct  vision  will  be  restored  by  pudi- 
ing  the  glasses  nearer  to  the  object-glass.  This  makes  the 
rays  of  each  particular  pencil  more  divergent  after  refine 
tion  through  A,  but  scarcely  makes  any  change  in  the  dU 
rections  of  the  pendls  themselves.  Thus  the  image  comes 
to  the  focusy*",  and  makes  no  sensible  change  in  the  d^ 
persions. 

In  the  common  day  telescope,  the  first  image  is  fivmed 
in  the  anterior  focus  of  the  first  eye-glass,  and  the  second 
image  is  at  the  anterior  focus  of  the  last  eye-glass.  If  we 
change  this  last  for  one  of  half  the  focal  distance,  and  podi 
in  the  cje-piece  till  the  image  formed  by  the  object-glan 
is  half  way  between  the  first  eye-glass  and  its  focus,  the 
last  *  image  will  be  formed  at  the  focus  of  the  new  eye- 
glass, and  the  ^ye-piece  will  be  achromatic  This  is  emiiy 
seen  by  making  the  usual  computations  by  the  focal  theo* 
rem.  But  the  visible  field  is  diminished,  because  we  con- 
not  give  the  same  aperture  as  before  to  the  new  eye-glass ; 
but  we  can  substitute  for  it  two  eye-glasses  like  the  foHner, 
placed  close  together.  This  will  have  the  same  focal  dis- 
tance with  the  new  one,  and  will  allow  the  same  aperture 
that  we  had  before. 

On  these  principles  may  be  demonstrated  the  correcdon 
of  colour  in  eye-pieces  with  three  glasses  of  the  foUowinf 
construction : 


S0& 

e  glueses  A  snd  B  be  placed  so  that  the  posterior 
kui  of  tlie  first  nearly  coincides  witli  the  anterior  focus  of 
ho  second,  or  rather  so  that  the  anterior  focus  of  B  may 
H  at  tjie  place  where  the  image  of  the  object-glass  is  fomt- 
|iii  by  .which  situation  the  aperture  necessary  for  transmit- 
bj  the  whole  hght  will  be  the  smallest  possible.  Place  tb« 
Bird  C  at  a  distance  from  the  second,  which  exceeds  the 
un  of  tbnr  focal  distances  by  a  space  which  is  a  third  pro- 
potkinal  to  the  distance  of  the  first  and  second,  and  the  fo- 
M  distance  of  the  second.  The  distance  of  the  first  eye 
faa  from  the  object-glass  must  be  equal  to  the  product  of 
^t  final  distance  of  the  first  and  second  lUvided  by  their 
ID. 

IM  O  o.  Ad,  B  6,  C  c,   the  focal   distances  of  the 
Mm,  be  O,  o,  b,  c.     Then  make  A  B  ^  a  +  &  nearly ; 

'he  amplification 

the  equivalent 

=  9438'  X 


wmgBaSy'ing  power  will  be  - 


'to^au  ^  -y— ;    and  the   field   of  \-isioin  ^ 

^patnreof  A 
tL  disL  ob.  gl? 

'  nise  eye-pieces  will  admit  tlie  use  of  a  micrometer  at 
le  place  of  the  first  image,  because  it  has  no  distortion. 
Ifr  DoUond  was  anxious  to  combine  this  achromatism  in 
It  ejre-pieces  with  tlie  advantages  which  lie  had  found  in 
b  tyevjneccs  with  five  glasses.  This  eye-piece  of  three 
|bKa  necessarily  has  a  very  great  refraction  at  the  glass 
i  whcro  the  pencil  which  has  come  from  the  other  side  of 
It  axis  must  be  rendered  ogcun  convergent,  or  at  least  pa- 
llet to  iu  This  occasions  con^derable  aberrations.  This 
ky  be  avoided  by  giving  piul  of  tliis  refraction  to  a  glass 
It  between  the  first  and  second,  in  the  some  way  as  he 
is  done  by  the  glass  B  put  between  A  and  C  in  his  fivc- 
•  eye-piece.    But  this  deranges  the  whole  process.    Hb 
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ingemiity,  however,  sunnounted  this  difficulty,  and  b 
eye^eoee  pf  four  glasses,  vbich  seem  as  perfect  aM 
desired.  He  has  not  pubUshed  his  ingenious  inveatif 
and  we  observe  the  London  artists  work  very  much 
dom,  probably  copying  the  proportions  of  some  of  I: 
glasses,  without  understanding  the  principle,  and  tb 
frequently  mistaking.  We  see  many  eye-pieces  whi 
far  from  being  achromatic.  We  imagine,  therefove» 
will  be  an  acceptable  thing  to  the  artists  to  have  pre 
structions  how  to  proceed,  nothing  of  thb  kind  bavi 
pearedin  our  language,  and  the  investigations  of 
D'Alembert,  and  even  Boscovich,  being  soabstnu 
be  inaccessible  to  all  but  experienced  analysts.  W 
to  render  it  extremely  simple. 

It  is  evident,  that  if  we  make  the  rays  of  diffcreat  i 
unite  on  the  surface  of  the  last  eye-glass  but  one,  oo 
ly  called  thejield^lassy  the  thing  will  be  done,  beca 
dispersion  from  this  point  of  union  will  then  unite  w 
dispersion  produced  by  this  glass  alone ;  and  this  in 
dispersion  may  be  corrected  by  the  last  eye-glass  in  tl 
already  shown. 

Therefore  let  A,  B  (Fig.  26.)  be  the  stations  wh 
have  fixed  on  for  the  first  and  second  eye-glasses,  ii 
to  give  a  proper  portion  of  the  whole  refraction  to 
cond  glass.  Let  b  be  the  anterior  focus  of  B.  Dm 
through  the  centre  of  B.  Make  Ab:bB  =  AS 
Draw  the  perpendicular  K  r,  meeting  the  refracted 
r.  We  know  by  the  focal  theorem,  that  red  rays  < 
ing  from  P  will  converge  to  r ;  but  the  violet  ray  P 
ing  more  refracted,  will  cross  B  r  in  some  point  g. 
ing  the  perpendicularyg,  we  gety for  the  proper  p 
the  field-glass.  Let  the  refracted  ray  R  r,  produced 
wards,  meet  the  ray  OP  coming  from  the  centre  oft 
ject-glass  in  O.  Let  the  angle  of  dispersion  RPV  h 
ed  fy  and  the  angle  of  dispersion  at  V,  that  is,  r  V  i^ 
and  the  angle  VrR  be  r. 
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It  is  evident  that  OR :  OF  =/? :  v,  because  the  disper- 
nons  are  proportional  to  the  sines  of  the  refractions,  which, 
in  this  case,  are  very  nearly  as  the  refracdons  themselves. 

Let  -TTjj-  f  or  -=g  or  r^g  )  be  made  =  m.  Then  v  = 
mp ;  also /I :  r  =  BK :  AB,  =  &  B  :  A  5,  and  r  =zp.  ^, 
or,  making  ^^  =  w,  r  =  np ;  therefore  v :  r  =  m :  w,  = 

The  angle  RgV  =gVr  +  ^rV  =je>.  t/i  +  n ;  and 
Xf  V:Rr  0  =  Rr :  R^,  orm  +  n:n  =  Rr:  Rg,  and 

3l#  =  R  r  — ^ — .     But  R  r  is  ultimately  =  BK  =  AB 
Ji»         n  ®  n        wi  +  w       «»  +  n* 

AB 
This  value  of  BjT  is  evidently  =  6  B  x      ^       .  , . 

Now  b  B  being  a  constant  quantity  while  the  glass  B  is  the 

AB 
lime,  the  place  of  union  varies  with      „  . — tt-      If  we 
'^  pB  +  A6 

nmove  B  a  little  farther  from  A,  we  increase  AB,  and  j^B, 

and  A  6,  each  by  the  same  quantity.     This  evidently  di- 

ndnishes  Bjfl     On  the  other  hand,  bringing  B  nearer  to  A 

increases  B^T     If  wc  keep  the  distance  between  tlie  glasses 

the  same,  but  increase  the  focal  distance  b  B,  we  augment 

B^  because  this  change  augments  the  numerator  and  di- 

nmuslies  the  denominator  of  the  fraction     ^  ,    >  ,. 

p  1}  -i-  Ao 

In  this  manner  wc  can  unite  the  colours  at  what  distance 

we  please,  and  consec^ucntly  can  unite  them  in  the  place  of 

the  intended  field-glass,  from  which  tliey  will  diverge  with 

an  increased  dispersion,  viz.  with  the  dispersion  competent 
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to  the  refnictioD^^Kluced  there,  and  the  dispenioap  x 

m+nconjcnned.  * 

It  only  remains  to  determine  the  proper  focal  distances 
of  the  field-glass  and  eye-glass,  and  the  place  of  the  eye* 
glass,  so  that  this  dispersion  may  be  finally  corrected. 

This  is  an  indeterminate  problem,  admitting  of  an  infi- 
nity  of  solutions.  We  shall  limit  it  by  an  equal  diviaon  of 
the  two  remaining  refractions,  which  are  necessary  in  or* 
der  to  produce  the  intended  magnifying  power.  This  con- 
struction has  the  advantage  of  diminishing  the  abemtioo. 
Thus  we  know  the  two  refractions,  and  the  dispersion  com- 
petent to  each ;  it  being  nearly  ^yth  of  the  refractimi.  Call 
this  g.  The  whole  dispersion  at  the  field-glass  consists  of 
qy  and  of  the  angle  E^  V  of  Fig.  26,  which  we  also  know 

U}he:=:pxm  +  n.     Call  their  sum  s. 

Let  Fig.  27.  represent  this  addition  to  the  eye-pieoe. 
C  g  is  the  field-glass  coming  in  the  place  of^g  of  Fig. 
26.  and  Rgtr  is  the  red  ray  coming  from  the  glaas 
BR.  Draw  g  s  parallel  to  the  intended  emeigent  peDc3 
from  the  eye-glass;  that  is,  making  the  angle  Cfgwith 
the  axis  correspond  to  the  intended  magnifying  power. 
Bisect  this  angle  by  the  line g  K.  Make  sg:gq  =  S;q9 
and  draw  q  E,  cutting  C  g  in  ^.  Draw  ^  ^  D,  cuttingg  it  in 
^,  and  the  axis  in  D.  Draw  ^  d  and  D  r  perpendicular  to 
the  axis.  Then  a  lens  placed  in  D,  having  the  focal  dis- 
tance D  d,  will  destroy  the  dispersion  at  the  lens  g  e^  which 
refracts  the  ray  g  w  into  g  r. 

Letgr  be  the  violet  ray,  making  the  angle  iigr  =  #. 
It  is  pUun,  by  the  common  optical  theorem,  that  g  r  will  be 
refracted  into  r  r'  parallel  to  >  D.  Draw  g  D  r'  meedng 
r  r*,  and  join  v  r'.  By  the  focal  theorem  two  red  rays  g  f, 
g  »,  will  be  united  in  /.  But  the  violet  ray  g  v  will  be 
more  refracted,  and  will  take  the  path  vxfy  making  tbe 
angle  of  dispersion  r'vv^^q*  very  nearly,  because  the  £^ 
persion  at  t;  does  not  sensibly  difier  from  that  at  r.    Now, 
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in  the  small  angles  of  refraction  whicU>'^  ma  in  optical  in- 
struments, the  angles  rr^  Vy  rgv  areyf  .jr nearly  as gr and 
rf*9  or  as  ^  D  and  D  f^,  or  as  CD  and  DT ;  which,  by  the 
fiieal  theorem,  are  as  C  d  and  d  D ;  that  is,  D  d :  d  c  = 
rgvirfv.  But  Dd:dC  =  D^:^^,  =sgigqf  = 
iiq.  But  rgv  =  s;  therefore  rr^v  =  q9  =  r^vv^  and 
0 1/  is  parallel  to  rr',  and  the  whole  dispernon  at  g  is  oor- 
sected  by  the  lens  D  r.  The  focal  distance  C  c  of  C  g  is 
fed  by  drawing  C  *  parallel  to  K g,  meeting  Rg  in  vand 
drawing  »  c  perpendicular  to  the  axis. 

It  is  easy  to  see  that  this  (not  inelegant)  construction  is 
lot  limited  to  the  equality  of  the  refractions  wg  r,  K  r  r'. 
In  whatever  proportion  the  whole  refraction  wgs  is  divid- 
ed, we  always  can  tell  the  proportion  of  the  dispersions 
which  the  two  refractions  occasion  at  g  and  r,  and  can  there- 
fine  find  the  values  of  s  and  q.  Indeed  this  solution  in- 
dudes  the  problem  in  p.  504 ;  but  it  had  not  occurred  to 
QS  till  the  present  occasion.  Our  readers  will  not  be  dis- 
pleased with  this  variety  of  resource. 

The  intelligent  reader  will  see,  that  in  this  solution  som'b 
quantities  and  ratios  are  assumed  as  equal  which  are  not 
itricdy  so,  in  the  same  manner  as  in  all  the  elementary  op- 
tical theorems.  The  parallelism,  however,  otvr/  and  r  r' 
tOMy  be  made  accurate,  by  pushing  the  lens  D  r  nearer  to 
Cg,  or  retiring  it  from  it.  We  may  also,  by  pushing  it 
ttin  nearer,  induce  a  small  divergency  of  the  violet  ray,  so 
as  to  produce  accurate  vbion  in  the  eye,  and  may  thus  make 
the  vision  through  a  telescope  more  perfect  than  with  tiie 
naked  eye,  where  dispersion  is  by  no  means  avoided.  It 
would  therefore  be  an  improvement  to  have  the  eye-glass 
in  a  diding  tube  for  adjustment.  Bring  the  telescope  to  dis- 
tinct viaon ;  and  if  any  colour  be  visible  about  the  edges  , 
of  the  field,  shift  the  eye-glass  till  this  colour  is  removed. 
The  vinmi  may  now  become  indistinct :  but  this  is  correct- 
ed by  shifting  the  place  of  the  whole  eye-piece. 

We  have  examined  trigonometrically  the  progress  of  a 
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red  and  a  Tiolet  ray  through  many  eye-pieces  of  Dolloiid*a 
and  Ramsden^s  best  telescopes ;  and  we  have  found  in  all 
of  them  thdt  the  colours  are  united  on  or  very  near  the 
field-glass ;  so  that  we  presume  that  a  theory  somewhat 
analogous  to  ours  has  directed  the  ingenious  inventors^ 
We  meet  with  many  made  by  other  artists,  and  even  some 
of  thdirs,  where  a  considerable  degree  of  colour  remiuns, 
sometimes  in  the  natural  order,  and  oden  in  the  oontrary 
order.  This  must  happen  in  the  hands  of  mere  imitator^ 
ignorant  of  principle.  We  presume  that  we  have  now  made 
this  principle  sufficiently  plain. 

Fig.  28.  represents  the  eye-piece  of  a  very  fine  spy- 
glass by  Mr  Ramsden;  the  focal  length  of  its  olgect- 
glass  is  8i  inches,  with  l^V^  ^  aperture,  2*  05'  of  visiUe 
field,  and  15,4  magnifying  power.  The  distances  and  fo- 
cal lengths  are  of  their  proper  dimensions,  but  the  aper- 
tures are  i  larger,  that  the  progress  of  a  lateral  pencil  mig^t 
be  more  distinctly  drawn.  The  dimensions  are  as  follow : 
Foe.  lengths  Aa=0,0775  B6=l,025  Cc=l,01  1M=0,  79 
Distances      AB=1,18      BC=1,83  CD=1,106. 

It  is  perfectly  achromatic,  and  the  colours  are  united, 
not  precisely,  at  the  lens  C  g,  but  about  ,^^th  of  an  indi 
nearer  the  eye-glass. 

It  is  obvious  that  this  combination  of  glasses  may  be 
used  as  a  microscope ;  for  if,  instead  of  the  image  formed 
by  the  object-glass  at  F6,  we  substitute  a  small  object,  il- 
luminated from  behind,  as  in  compound  microscopes ;  and 
if  we  draw  the  eye-piece  a  very  small  way  from  this  olyeet, 
the  pencils  of  parallel  rays  emergent  from  the  eye-glass  D 
will  become  convergent  to  very  distant  points,  and  will 
there  form  an  inverted  and  enlarged  picture  of  the  object, 
which  may  be  viewed  by  a  Huyghenian  eye^piecc;  and 
we  may  thus  get  high  magnifying  powers  without  utang 
very  deep  glasses.  We  tried  the  eye-piece  of  which  we 
have  given  the  dimensions  in  this  way,  and  found  that  it 
might  be  made  to  magnify  1 80  times  with  very  great  dis- 
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tinctness.  When  used  as  the  magnifier  of  a  solar  micro- 
floope,  it  infinitely  surpasses  every  thing  we  have  ever  seen. 
The  picture  formed  by  a  solar  microscope  is  generally  so 
indistinct,  that  it  is  fit  only  for  amusing  ladies ;  but  with 
this  magnifier  it  seemed  perfectly  sharp.  We  therefore 
recommend  this  to  the  artists  as  a  valuable  article  of  their 
trade. 

The  only  thing  which  remains  to  be  considered  in  the 
theory  of  refracting  telescopes  is  the  forms  of  the  difiercnt 
lenses.  Hitherto  we  have  had  no  occasion  to  consider  any 
thing  but  their  focal  distances ;  but  their  aberrations  de- 
piend  greatly  on  the  adjustments  of  their  forms  to  their  si- 
tuaticms.  When  the  conjugate  focuses  of  a  lens  are  deter- 
mined by  the  service  which  it  is  to  perform,  there  is  a  cer- 
tain form  or  proportion  between  the  curvatures  of  their  an- 
terior and  posterior  surfaces,  which  will  make  their  aberra- 
tktta  the  smallest  possible. 

It  is  evident  that  this  proportion  is  to  be  obtained  by 
making  the  fluxion  of  the  quantity  within  the  parenthesis 
in  the  formula  of  page  442,  line  12,  equal  to  nothing. 
When  this  is  done,  we  obtain  this  formula  for  a,  the  ra- 

dius  of  curvature  for  the  anterior  surface  of  a  lens.    — 

a 

Sm'+m        4m  +  4         ,  .      , 

~  Sm  +  4  "^  a  (m  -h  4)  r'  ^^^^  ^  ^^  ^"^  ^^*°  ^^  *® 
of  incidence  to  the  sine  of  refraction,  and  r  is  the  dis- 
of  the  focus  of  incident  rays,  positive  or  negative,  ac- 
cording as  they  converge  or  diverge,  all  measured  on  a 
Kale  of  which  the  unit  is  «,  =  half  of  the  radius  of  the 
eq[mvalent  isosceles  lens. 
It  will  be  sufiiciently  exact  for  our  purpose  to  suppose 

«i  =  -;r,  though  it  is  more  nearly  ---.      In  tliis  case  — 
*  «u  a 

__  6       10  _42r  +  70  49r 
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As  an  example,  let  it  be  required  to  give  the  ndii  of 
cuwature  in  inches  for  the  eye-glass  &  ^  of  page  4(88,  which 
we  shall  suppose  of  1|  inches  focal  distance,  and  thai 
^  c  (=  r)  is  Sfth  inches. 

The  radius  of  curvature  for  the  equivalent  isoaodes  lens 

S' 
is  1,6,  and  its  half  b  0,76.    Therefore  r  =  Trife*  =  S  ; 

A         ^        1    •  49x5  245 

and  our  formula  is  a  =  42  ^  3  +  70*  ~  280 '  ~  0,875; 

^1        1  —  a         0,126        ..        0,876        ^ 
*"^  T=  "1~*  =  0;875'  "*'**=  0j25'  =^- 

These  values  are  parts  of  a  scale,  of  which  the  umt  is 
0,75  inches.     Therefore 

a,  in  inches,  =  0,876  x  0,76,  =  0,66586 
i,  in  inches,  =  7  X  0,75,         =  6,25. 
And  here  we  must  observe  that  the  posterior  suifitteis 
concave :  for  £  is  a  positive  quantity,  because  1  —  a  is  a 
positive  quantity  as  well  as  a ;  therefore  the  centre  of  ipfae- 
licity  of  both  surfaces  lies  beyond  the  lens. 

And  this  determination  is  not  very  different  fiom  the 
usual  practice,  which  commonly  makes  this  lens  a  plane 
convex  with  its  flat  side  next  the  eye :  and  there  will  not 
be  much  difference  in  the  performance  of  these  two  lenses ; 
for  in  all  cases  of  maxima  and  minima,  even  a  pretty  coii- 
siderable  change  of  the  best  dimensions  does  not  make  a 
senable  change  in  the  result. 

The  same  consideration  leads  to  a  rule  which  is  very 
simple  and  sufiiciently  exact  for  ordinary  situations, 
is  to  make  the  curvatures  such,  that  the  incident  and 
gent  pencils  may  be  nearly  equally  inclined  to  the  surfaces 
of  the  lens.  Thus  in  the  eye-piece  with  five  glasses,  A 
and  B  should  be  most  convex  on  their  anterior  sides ;  C 
should  be  most  convex  on  the  posterior  side ;  D  should  be- 
nearly  isosceles ;  and  E  nearly  plano-convex. 

But  this  is  not  so  easy  a  matter  as  appears  at  first  aght.^ 
The  lenses  of  an  eye-piece  have  not  only  to  bend  the 

6 
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nl  peneiU  of  light  to  and  from  ihe  axis  of  the  telescope  ; 
ttwy  liHve  also  to  form  images  on  the  axis  of  these  |)eiicils. 
Tbese  offices  frequently  require  opposite  forms.  Thus  the 
g(a*B  A  of  Fig.  28.  should  be  most  convex  on  the  side  next 
the  object,  that  it  may  produce  little  distortion  of  the  pen* 
dl*.  But  it  should  be  most  convex  next  the  eye,  that  it 
may  produce  distinct  vision  of  the  image  FG,  which  is  very 
oatr  it.  This  image  should  have  its  concavity  turned  to- 
wards A,  whereas  it  is  towards  the  object-glass.  We  must 
therefore  endeavour  to  make  the  vertical  imagey^  flatter, 
or  ewo  convex.  This  requires  a  glass  very  flat  before, 
Mid  ocnvex  behind.  For  similar  reasons  the  object-glass 
cf  a  nucroBcope  and  the  simple  eye-glass  of  on  astronomi- 
ol  Idooope  should  be  formed  the  same  way. 

T^M  is  a  suhjectofmostdilficult  discussion,  and  requires 
a  tbmcy  which  few  of  our  readers  would  relish  ;  nor  does 
<wr  limiu  al!brd  room  for  it.  The  artists  are  obliged  to 
gnfm  ihar  way.  The  proper  method  of  experiment  would 
b^  Iq  make  cye-piecesof  large  dimensions,  with  estrava- 
got  apertures  to  increase  the  aberrations,  and  to  provide 
for  eadi  station  A,  B,  C,  and  C,  a  number  of  lenses  of  tlie 
ame  focal  distance,  but  of  difierent  forms :  and  we  would 
advise  making  the  trial  in  the  way  of  a  solar  microscope, 
tad  to  have  two  eye^pieces  on  trial  at  once.  Their  pic- 
tum  aui  be  formed  on  the  sanie  screen,  and  accurately 
ffinparcd  ;  whereas  it  is  difficult  to  keep  in  remembrance 
Uie  performance  of  one  eye-piece,  and  compare  it  with  an- 
«*bor. 

We  have  now  treated  the  theory  of  refracting  telescopes 
"vilh  considerable  minuteness,  and  have  perhaps  exceeded 
•he  Ifanits  which  some  readers  may  think  reasonable.  But 
■««  have  long  regretted  tliat  there  is  not  any  theory  on  this 
^nibject  from  which  a  curious  person  can  learn  the  improve- 

ents  which  have  been  made  since  the  time  of  Dr  Smith, 
•a  anist  team   how  (o  ]>roeecd  with  intelligence  in  his 

Vol.  hi.  y  K 
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profesBum.  If  we  have  aooomidiahed  either  of  these  en 
we  trust  that  the  public  will  receive  our  labours  with  si 
faction. 

We  caimot  add  any  thing  to  what  Dr  Smith  has  ddif 
ed  on  the  theory  of  reflecting  telescopes.  There  wppe 
to  be  the  same  possibility  of  correcting  the  abenratknof  i 
great  speculum  by  the  contrary  aberration  of  a  convex  sdd 
speculum,  that  we  have  practised  in  the  compound  oligc 
glass  of  an  achromatic  refracting  telescope.  But  tiiis  c 
not  be,  unless  we  make  the  radius  of  the  convex  qpecul 
exceedingly  large,  which  destroys  the  magnifying  pv 
and  the  brightness.  This  therefore  must  be  given  up. 
deed  their  performance,  when  well  executed,  does  aim 
surpass  all  imagination.  Dr  Herschel  has  found  gnat 
vantages  in  what  he  calls  theyron^  vierv^  not  usingapl 
mirror  to  throw  the  pendls  to  one  side.  But  this  osa 
be  practised  in  any  but  telescopes  so  large,  that  the  losi 
light,  occasioned  by  the  interposition  of  the  observ 
head,  may  b^  disregarded 

Nothing  remains  but  to  describe  the  mechanism  of  sc 
of  the  most  convenient  forms. 

To  describe  all  the  varieties  of  shape  and  acoommo 
tion  which  may  be  given  to  a  telescope,  would  be  a  task 
trifling  as  prolix.  The  artists  of  London  and  of  Paris  h 
racked  their  inventions  to  please  every  fancy,  and  to  i 
every  purpose.  We  shall  content  ourselves  with  a  few 
neral  maxims,  deduced  from  the  scientific  consideratioi 
a  telescope,  as  an  instrument  by  which  the  visual  ai 
§ubtended  by  a  distinct  object  is  greatly  magnified. 

The  chief  consideration  is  to  have  a  steady  view  of 
distant  object.  This  is  unattmnabic,  unless  the  axis  of 
instrument  be  kept  constantly  directed  to  the  same  poin: 
it :  for  when  tlic  telescope  is  gendy  shifted  from  its  p 
tion,  the  object  sccths  to  move  in  the  same  or  in  the  op 
site  direction,  according  as  the  telescope  inverts  the  obj 
or  shows  it  erect.     This  is  owing  to  the  magnifying  poi» 


e  apparent  angular  mo6on  is  greater  than  what 

illy  counect  with   the  motion   of  tlie  telescope. 

l-doea  nut  bapjien  when  we  look  llirough  a  tube  witlw 


B  aliaking  of  the  instrument  therefore  makes  the  object 
e  theeje;  and  this  is  disagreeable,  and  liioders 
Dg  it  distinctly.  But  a  tremulous  motion,  bow- 
all,  is  infinitely  more  prejudicial  to  the  performance 
»pe,  by  making  the  object  quiver  before  us.  A 
I  walking  in  the  room  prevents  us  from  seeing  dis- 
;  nay,  the  very  pulsation  in  the  body  of  the  observer 
t  the  floor  enough  to  produce  this  effect,  when  tlie 
ttleMOpe  has  a  great  magnifying  power :  For  the  visible  mo- 
txm  Off  tlie  object  is  then  an  imperceptible  tremor,  like  that 
of  sn  linrpsicbord  wii-c,  which  ])roduces  an  effect  precisely 
BBular  to  optical  indistinctness;  and  every  point  of  the  ob- 
ject is  diffused  over  the  whale  s^iace  of  the  angular  tremor, 
md  appears  coexistent  in  every  part  of  this  space,  just  as  a 
harpuchord  wire  does  while  it  is  sounding.  The  more  rii- 
pd  this  motion  is,  the  indistinctness  is  the  more  ciMnpleto. 
IhtnSoK  the  more  firm  and  elastic  and  well  bound  togt»- 
ther  the  fraine-work  and  apertures  of  our  telescope  is,  the 
I  hurtful  will  this  consequence  be.  A  mounting  of 
D  it  practicable,  would  be  preferable  to  wood,  iron* 
This  is  one  great  cause  of  the  indistinclDess  of 
tWry  finest  reflecting  telescopes  of  the  usual  construc- 
tiooa,  and  can  never  be  totally  removed.  In  the  Gre- 
gonan  form,  it  is  hardly  possible  to  damp  the  elastic  trtv 
ntor  of  the  small  speculum,  carried  by  nn  arm  supported  at 
OfW  end  only,  even  though  the  lube  were  molionless.  Wc 
WWe  iritnesse-i  of  a  great  improvement  made  on  a  fniir-fijel 
ncting  Iclewope.  by  supporting  the  small  speculum  by 
rung  plate  uf  lead  placed  across  the  tube,  anil  led  by  au 
istjng  screw  at  each  end.  But  even  the  great  mirror 
jgh  to  produce  indiaitinclriewi.  Kefracl* 
■s  are  free  friini  this  inconveuit'iicv.    becauiw  a 
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small  angular  motion  of  the  object-^ass  round  one  of  its 
own  diameters  has  no  sensible  effect  on  the  image  in  its 
focus.  They  are  affected  only  by  an  angular  motion  of  the 
axis  of  the  telescope  or  of  the  eye-glasses. 

This  single  consideration  gives  us  great  help  towards 
judging  of  the  merits  of  any  particular  apparatus.  We 
should  study  it  in  this  particular,  and  see  whether  its  fbim 
makes  the  tube  readily  susceptible  of  such  tremulous  mo> 
tions.  If  it  does,  the  firmer  it  is,  and  the  more  elastic  it  is^ 
the  worse.  All  forms  therefore  where  the  tube  is  supported 
only  near  the  middle,  or  where  the  whole  immediately  or 
remotely  depend  on  one  narrow  joint,  are  defective. 

Reasoning  in  this  way,  we  say  with  confidence,  that  of 
all  the  forms  of  a  telescope  apparatus,  the  old-fiuhioiied 
simple  stand  represented  in  Fig.  29.  is  by  far  the  best,  and 
that  others  are  superior  according  as  the  dispontioD  of  the 
pmnts  of  support  of  the  tube  approaches  to  this.     Let  the 
pivots  A,  B,  be  fixed  in  the  lintel  and  sole  of  a  window. 
Let  the  four  braces  terminate  very  near  to  these  pivots. 
Let  the  telescope  lie  on  the  pin  F/,  resting  on  the  shonlder 
round  the  eye-piece,  while  the  far  end  of  it  rests  on  one  of 
the  pins  1,  S,  3,  &c. ;  and  let  the  distance  of  these  pins 
from  F  very  little  exceed  the  length  of  the  telescope.    The 
trembling  of  the  axis,  even  when  considerable,  cannot  a£> 
feet  the  position  of  the  tube,  because  the  braces  terminate 
almost  at  the  pivots.     The  tremor  of  the  brace  CD  does 
as  little  harm,  because  it  is  nearly  perpendicular  to  the 
tube.     And  if  the  object-glass  were  close  at  the  uj^ier 
supporting  pin,  and  the  focus  at  the  lower  pin  F,  even  the 
bending  and  trembling  of  the  tube  will  have  no  effect  en 
its  optical  axis.     The  instrument  is  only  subject  to  hori- 
zontal tremors.     These  may  be  almost  annihilated  by  hav- 
ing a  slender  rod  coming  from  a  hookas  joint  in  the  side  of 
the  window,  and  passing  through  such  another  joint  ckm 
by  the  pin  F.     We  have  seen  an  instrument  of  this  faoh 
having  AB  parallel  to  the  earth^s  aJus.     The  whole  sp- 


pantufl  ^A  not  coet  60  filiill'ings,  and  we  £nd  it  not  in  the 
least  sensible  manner  atFected  by  a  storm  of  wind.  It  was 
by  observations  with  this  instrument  that  the  tables  uf  the 
motions  of  the  Georgium  Sidua,  published  m  the  Edinburgh 
TiansaotioRS,  were  constructed,  and  they  are  as  accurate 
n  any  that  have  yet  appeared.  This  is  an  excellent  cqua- 
tmiat: 

But  this  apparatus  is  not  portable,  and  it  is  sadly  defi- 
dent  in  elegance.  The  following  is  the  best  method  we  have 
seen  of  combining  these  circumstances  witli  the  indispens- 
able requisities  of  a  good  telescope. 

The  pillar  VX  (Fig.  30.)  rises  &om  a  firm  stand,  and 
hu  a  horizontal  motion  round  a  cone  which  completely  fills 
iL  This  motion  is  regulated  by  a  rack-work  in  the  box 
at  V.  The  screw  of  this  rack-work  is  turned  by  means  of 
the  handle  P,  of  a  convenient  leuglh,  and  the  screw  may 
be  disengaged  by  the  click  or  detent  V,  when  we  would 
titm  the  instrument  a  great  way  at  once.  The  telescope 
has  a  vertical  motion  round  the  joint  Q  placed  near  the 
toiddle  of  the  tube.  The  lower  end  of  the  tube  is  sup- 
ported by  tlie  stay  OT.  This  consists  of  a  tube  RT,  ' 
fiutened  to  the  pillar  by  a  joint  T,  which  allows  the  stay 
lo  move  in  a  vertical  plane.  Within  this  tube  slides  ano- 
tber>  with  a  stifi'  motion.  This  tube  is  connected  with  the 
teleecopc  by  another  joint  O,  also  admitUng  motion  in  a 
vectica]  plane.  The  side  M  of  this  inner  tube  is  fomicd 
into  a  rack,  in  which  works  a  pinion  fixed  to  the  top  of  the 
UitwilT,  and  turned  by  the  tiat  finger-piece  R.  The 
reader  irill  readily  see  the  advantages  and  the  remaining 
drfects  of  tliis  iipparatus.  It  is  very  portable,  because  the 
idescope  is  easily  disengaged  from  it,  anil  the  legs  and 
May  fold  up.  If  the  joint  Q  were  immediately  under  A, 
it  would  be  much  freer  from  all  tremor  in  the  vertical  plane. 
Bat  notlimgcan  binder  other  tremors  atisingfrom  the  long 
{ullar  Olid  die  three  springy  legs.  These  communicate  oil 
vxienwl  agitations  wiUi  great  vigour.    The  iiisirumeut 
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should  be  set  OD  a  stone  pedestal,  or,  what  is  better,  a  CMk 
filled  with  wet  sand.  This  pedestal,  which  necesdty  pop- 
haps  suggested  to  our  scientific  navigators,  is  the  best  tint 
can  be  imagined. 

Fig.  31.  is  the  stand  usually  given  to  reflecting  tde> 
scopes.    The  vertical  tube  FB6  is  fastened  to  the  tube  by 
finger-screws,  which  pass  through  the  slits  at  F  and  6. 
This  arch  turns  round  a  joint  in  the  head  of  the  divided 
pillar,  and  has  its  edge  cut  into  an  oblique  rack,  wluch  is 
acted  on  by  the  horizontal   screw,    furnished   with  the 
finger-piece  A.     This  screw  turns  in  a  horizontal  squaie 
frame.     This  frame  turns  round  a  horizontal  joint  in  the 
off  side,  which  cannot  be  seen  in  this  view.     In  the  side 
of  this  frame  next  the  eye  there  is  a  finger-screw  a,  whidh 
passes  through  the  frame,  and  presses  on  the  round  hori-' 
zontal  plate  D.     By  screwing  down  thb  finger-screw,  tlie 
frame  is  brought  up,  and  presses  the  horizontal  screw  to 
the  rack.    Thus  the  elevation  of  the  telescope  is  fixed,  and 
may  be  nicely  changed  by  the  finger  applied  to  A  and  turn- 
ing this  screw.     The  horizontal  round  plate  D  moves  stiff- 
ly round  on  another  plate  of  nearly  equal  diameter.    This 
under  plate  has  a  deep  conical  hollow  socket,  which  is  nice- 
ly fitted  by  grinding  to  a  solid  cone  formed  on  the  top  of 
the  great  upright  pillar,  and  they  may  be  firmly  fixed  in 
any  position  by  the  finger-scrcw  E.     To  the  under  plate 
is  fastened  a  box  c,  containing  a  horizontal  screw  C,  which 
always  works  in  a  rack  cut  in  the  edge  of  the  upper  plate, 
and  cannot  be  disengaged  from  it.     When  a  great  verticil 
or  horizontal  motion  is  wanted,  the  screws  a  and  E  SR 
slacked,  and  by  tightening  them  the  telescope  may  be  fixed 
in  any  position,  and  then  any  small  movements  may  be 
given  it  by  the  finger  plates  A  and  C. 

This  stand  is  very  subject  to  brisk  tremor,  either  fhw 
external  agitation  of  the  pedestal,  or  from  the  immediite 
action  of  the  wind ;  and  we  have  seldom  seen  distioctlj 
through  telescopes  mounted  in  this  manner,  till  one  end  of 


IS  p^ess(^d  agninsl  sotnething  that  was  very  steady 
i  aae\aBlic.  It  is  c^uite  astonishing  what  a  change  this 
iduoee.  We  took  a  very  fine  telescope  made  by  Jamea 
dR,  and  laid  the  tube  on  a  great  lump  of  sofl  clay,  press- 
it  firmly  down  into  it.  Several  persons,  ignorant  of 
'  purpose,  looked  through  it,  and  read  a  table  of  lo^ar- 
ns  at  the  distance  erf  310  yards.  We  then  put  the  tc- 
opeoD  its  stand,  and  pointed  it  to  the  same  object; 
le  of  the  company  could  read  at  a  greater  distance  than 
I  yards,  although  they  could  perceive  no  tremor.  They 
uj^  the  vi^oo  as  sharp  as  before ;  but  the  incontro< 
tiUe  proof  of  the  omtrary  was,  that  they  could  not  read 
uch  a  distance. 

f  the  round  plates  were  of  much  greater  dimensions ; 
if  the  lower  one,  instead  of  being  fixed  to  the  pillar, 
e  stqtported  on  four  stout  pillars  sUnding  on  another 
£;  and  if  the  vertical  arch  had  a  horizontal  axis  turning 
two  upright  frames  (irmly  fixed  to  the  upper  plate- 
instrument  would  be  much  freer  from  tremor.  Such 
ids  were  mode  formerly ;  but  being  much  more  bulky 
incoiivenicnt  for  package,  they  have  gone  into  disuse. 
rbe  high  magnifying  powers  of  Dr  Herschel's  telescopes 
le  nil  the  usual  apparatus  for  thdr  support  extremely 
cHect  But  his  judgment,  and  his  ingenuity  and  fer- 
jr  in  resource,  are  as  eminent  as  his  philosophical  ardour, 
liw  contrived  for  his  reflecting  telescopes  stands  which 
a  every  property  tliat  can  be  desired.  The  tubes  arc 
Upported  at  the  two  ends.  The  motions,  both  vertical 
horizontal,  arc  contrived  with  the  utmost  umplicity 
firmness.  We  cannot  more  properly  conclude  this 
de,  than  with  a  descriptiun  of  his  40-fcet  telescope,  the 
Lest  monument  of  philosophical  zeal  and  of  princely 
uficeuce  that  the  world  con  boast  of. 
^  SS.  represents  a  view  of  this  instrument  in  a  me- 
Dual  situation,  as  it  appears  when  seen  from  a  conve- 
rt distance  by  a  person  placed  to  the  soutli-wcst  of  it. 
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The  foundstion  iu  the  ground  con^sts  of  t»'o  eoncohj 
circular  brick  walls,  the  outermosl  of  which  UiSfMli 
diameter,  and  the  inside  one  21  feet.  They  are  ttufii 
six  inches  deep  under  ground  ;  two  feet  three  inciiabni 
at  the  bottom,  and  one  loot  two  inches  at  the  lop;wim 
capped  witli  paving  stones  about  three  inches  thick,  a 
twelve  and  three  quarters  broad.  The  bottom  bmii 
the  whole  apparatus  rests  upon  these  two  walls  by  tnn 
concentric  rollers  I,  I,  I,  and  is  moveable  upon  a  {nN 
which  gives  a  horizontal  motion  to  the  whole  ^iparui 
well  as  to  tlie  telescope. 

The  lube  of  the  telescope  A,  though  very  nmple 
form,  which  is  cylindrical,  was  attended  with  gieitdifiail 
ties  in  tlie  construction.  This  is  not  to  be  wend 
when  its  size,  and  the  materials  of  which  it  is  made,  ■ 
conraderctl.  Its  length  is  39  feet  four  inches ;  it  n 
four  feel  ten  inches  in  diameter ;  and  every  part  of  itiii 
iron.  Upon  a  moderate  computation,  the  weight  rf 
wooden  tube  must  have  exceeded  an  iron  one  at  l<iit90l 
pounds ;  and  its  durability  would  have  been  far  inferior  I 
that  of  iron.  It  is  made  of  rolled  or  sheet  iron,  wlndi  hi 
been  joined  together  without  rivets,  by  a  kind  of  fon 
well  known  to  those  who  make  iron-funnels  for  Riona. 

Very  great  mechanical  skill  is  used  in  the  contnttDOl 
the  apparatus  by  which  the  telescope  is  supported  md  d 
rected.     In  order  to  command  every  altitude,  the  poi 
support  is  moveable ;  and  its  motion  is  effected  by  m 
nism,  so  that  the  telescope  may  be  moved  from  iti 
backward  point  of  support  to  tJie  most  forward,  tad,  I 
means  of  the  pulleys  GG  suspended  from  the  great  ba 
H,  be  set  to  any  altitude,  up  to  the  very  zenith.    1 
tube  is  also  made  to  rest  with  the  point  of  support  in  a] 
vot,  which  permits  it  to  be  turned  ^dewisc. 

The  concave  face  of  the  great  mirror  is  48  inches  of] 
lished  surface  in  diameter.     The  thickness,  which  i> 
in  every  part  of  it,  remains  now  about  three  inches 
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a  weight,  nhcn  it  came  fnnnlliecastjffaBSUS 
otiflds,  of  which  it  must  have  lost  s  small  quantity  in  po- 
■hiog.  To  put  this  speculum  into  tlie  tube,  it  is  suspcnd- 
i  vertically  by  a  crane  in  the  laboratory,  and  placed  on  a 
nil  Darrow  carriage,  which  is  drawn  out,  rolling  upou 
lalu,  till  it  comes  near  the  back  of  the  tube ;  here  it 
itgua  suspended  and  placed  in  the  tube  by  a  peculiar  ap> 

The  method  of  observing  by  this  telescope  is  by  what 
It  Berachel  calls  ihcjront  view ;  the  observer  being  placed 
1 1  seat  C,  suspended  at  the  end  of  it,  with  hit.  back  to- 
uds  the  object  he  views.  There  is  no  small  speculum, 
at  the  magnifiers  arc  applied  immediately  to  the  first  focal 
mge. 

Front  the  opening  of  the  telescope,  near  the  jrface  of  the 
^6f  laas,  a  speaking  pipe  runs  down  to  the  bottom  of  the 
lAe^  where  it  goes  uito  a  turning  joint ;  and  after  several 
tiler  infiecdons,  it  at  lengtli  divides  into  two  branches,  one 
inng  into  the  observatory  D,  and  the  other  into  the  work- 
DDin  E.  By  means  of  the  speaking  pipe  the  communico- 
uu  <rf  the  observer  are  conveyed  to  the  os^stant  in  the 
batrvatory,  and  the  workman  is  directed  to  perform  the 
equired  motions. 

In  the  observatory  is  placed  a  valuable  sidereal  time- 
icce,  made  by  Mr  Shelton.  Close  to  it,  and  of  the  same 
ei^t,  is  a  polar  distance-piece,  which  has  a  dial-plate  of 
lenme  dimensions  with  the  time-piece:  this  piece  may 
t  made  to  show  polar  distance,  zenith  distance,  declina- 
n  or  altitude,  by  setting  it  differently.  The  time  and 
iar  distance  pieces  are  placed  so  that  the  as^isUnt  sits 
>fi>rc  them  at  a  table,  with  the  speaking-pipe  rising  be- 
Ken  them  ;  and  in  this  manner  observations  may  be  writ- 
n  down  Very  conveniently. 

Thia  noble  instrument,  with  proper  eye-glasses,  mag- 
iBm  above  60t)0  times,  and  is  the  hirgesl  that  has  ever 
Em  made.     Such  of  our  rcadcm  as  wish  lor  a  fuller  ac- 


a  if  the  machinery  attached  to  it,  viz.  the  ftaii^ 
den  md  platform  B,  may  have  recourse  to  the  second  nt 
of  the  Transactions  of  the  Royal  Society  for  1795;  ■ 
which,  by  means  of  18  plates  and  68  pages  of  letur-jra^ 
an  ample  detail  is  ^ven  of  every  wvumstaoce  reUbw  ig 
jo'mer's  work,  carpenter's  work,  and  Bmith's  work,  wUd 
attended  the  formation  and  erection  of  this  telescope.  I| 
was  completed  on  August  the  98th,  1789,andontteaiK 
day  was  the  sixth  sateUite  of  Saturn  discovered. 
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PNEUMATICS. 


BX5  tenn  is  restricted,  in  the  present  habits  of  our  Ian- 
ii  to  that  part  of  natural  philosophy  which  treats  of 
ledianical  properties  of  elastic  fluids.  The  word,  in 
IffDal  meaning,  expresses  a  quality  of  ur,  or,  more 
fly,  of  breath. 

We  have  extended  (on  the  authority  of  present  cus- 
tlie  term  Pneumatics  to  the  study  of  the  mechanical 
x6eB  of  all  elastic  or  sensibly  compresable  flmds,  that 
fluids  whose  elasticity  and  compressibility  become  an 
irting  object  of  our  attention ;  as  the  term  Hydro- 
(cs  18  applied  to  the  study  of  the  mechanical  proper- 
f  nich  bodies  as  interest  us  by  their  fluidity  or  liquid- 
11I79  or  whose  elasticity  and  compresnbility  are  not 
iar  or  interesting,  though  not  less  real  or  general  than 
s  case  of  air  and  all  vapours* 

Of  all  the  sennbly  compressible  fluids  air  is  the  most 
iar,  was  the  first  studied,  and  the  most  minutely  eza- 
L  It  has  therefore  been  generally  taken  as  the  ex- 
s  of  their  mechanical  properties,  while  those  mechani- 
noperties  which  are  peculiar  to  any  of  them,  and  there- 
characteristic,  have  usually  been  treated  as  an  a(^n- 
)  the  general  science  of  pneumatics.    No  objection  oc- 
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curs  to  us  against  this  method,  which  will  therefixiebe 
adopted  in  treating  this  article. 

4.  But  although  the  mechanical  properties  are  the  por- 
per  subjects  of  our  consideration,  it  will  be  imposBbkto 
avoid  considering  occasionally  properties  which  are  moR 
of  a  chemical  nature ;  because  they  occasion  such  moAfi- 
cations  of  the  mechanical  properties  as  would  &eqiiently 
be  unintelligible  yrithout  oonadering  them  in  conjuiicdai 
with  the  other ;  and,  on  the  other  hand,  the  medunucd 
properties  produce  such  modifications  of  the  proper&s 
merely  chemical,  and  of  very  interesting  phenomena  cod- 
sequent  on  them,  that  these  would  often  pass  unezpbdned 
unless  we  give  an  account  of  them  in  this  place. 

5.  By  mechcmical  pfx)perties  we  would  be  understood  to 
mean  such  as  produce,  or  are  connected  with,  sensiUe 
changes  of  motion,  and  which  indicate  the  presence  and 
agency  of  moving  or  mechanical  powers.  They  are  ther^ 
fore  the  subject  of  mathematical  discussion  ;  admitting  of 
measure,  number,  and  direction,  notions  purely  mathema- 
tical. 

We  shall  therefore  begin  with  the  consideration  of  air. 

6.  It  is  by  no  means  an  idle  question,  <<  What  is  Mi  air 
of  which  so  much  is  said  and  written  ?^  We  see  nothings 
we  feel  nothing.  We  find  ourselves  at  liberty  to  move 
about  in  any  direction  without  any  let  or  hindenuio& 
Whence,  then,  the  assertion,  that  we  are  surrounded  with 
a  matter  called  lur  ?  A  few  very  ample  observations  and 
experiments  will  show  us  that  this  assertion  is  welI-£Mmd- 
ed. 

7.  We  are  accustomed  to  say,  that  a  vessel  is  empty  when 
we  have  poured  out  of  it  the  water  which  it  contained.  Take 
a  cylindrical  glass  jar  (Plate  IX.  Fig.  1.),  having*  a  smill 
hole  in  its  bottom  ;  and  having  stopped  this  hole,  fill  the  jar 
with  water,  and  then  pour  out  the  water,  leaving  the  glass 
empty,  in  the  common  acceptation  of  the  word.  Now, 
throw  a  bit  of  cork,  or  any  light  body,  on  the  surface  of 
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ciateni :  co\'er  this  willi  Uie  glass  jar  held  ia  tlie 
with  its  bottom  upwards,  and  move  it  downwards, 
^  it  all  the  while  in  an  upright  position.  The  cork 
pill  oontinue  to  float  on  the  surface  of  the  water  in  tlie  in- 
l^de  of  the  glass,  and  will  most  distinctly  show  whereabouts 
ihat  surfaee  is.  It  will  thus  be  seen,  that  the  water  with- 
B  tbo  glasE  has  its  surface  considerably  lower  than  that  of 
Die  suiTDunding  watery  and  however  deep  we  immerge 
|bs  glass,  we  shall  Und  that  the  water  will  never  rise  in  the 
fende  of  it  so  as  to  fill  it.  If  plunged  to  the  depth  ofS^ 
ifeet,  the  water  will  only  half  fill  it;  and  yet  the  acknow- 
ledged laws  of  hydrostatics  tell  us,  that  the  water  would 
fill  the  glass  if  tliere  were  nothing  to  hinder  it.  There  is 
{ttierefbre  something  already  within  the  glass  which  prevents 
she  water  from  getting  into  it ;  manifesting  in  this  manner 
the  most  distinctive  property  of  matter,  viz.  the  hindering 
Mher  matter  from  occupying  the  same  place  at  the  same 

1  8.  While  things  are  in  this  condition,  pull  tlie  stopper 
put  of  the  hole  in  the  bottom  of  the  jar,  and  the  water  will 
fatftsntly  rise  in  the  inside  of  the  jar,  and  stand  at  an  equal 
^dgbt  within  and  without.  This  is  justly  ascribed  to  the 
BacHpc  tlirough  the  hole  of  the  matter  which  formerly  ob- 
iMrUCted  the  entry  of  the  water :  for  if  the  hand  be  held 
ttefiwe  the  hole,  a  puff  will  be  distinctly  felt,  or  a  feather 
fccU  there  will  be  blown  aside ;  indicating  in  tins  manner, 
■bat  what  prevented  the  entry  of  tlie  water,  and  now  e»- 
Dupefl,  possesses  another  characteristic  property  of  matter, 
mputrivejorcc.  The  materiality  is  concluded  from  this 
fipearance  in  the  same  manner  that  the  materiality  of  wa- 
er  ia  concluded  from  the  impulse  of  a  jet  from  a  pipe. 
Vfe  alao  see  the  mobility  of  the  formerly  pent  up,  and  now 
ibersted,  substance,  in  consequence  of  external  pressure, 
ibfl  pressure  of  the  surrounding  water. 

>i  if  wc  take  a  smooth  cylindrical  tube,  shut  at 
fit  a  plug  or  cork  to  its  open  end,  so  as  to 
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slide  akmg  it,  but  so  tightly  as  to  prevent  all  pasngebjr 
its  udes ;  and  if  the  plug  be  well  soaked  in  grease/ we  ibB 
find  that  no  force  whatever  can  push  it  to  the  bottoni  d 
the  tube.  There  is  therefore  someOiimg  unthin  the  tobe 
preventing,  by  its  impenetralnlity,  the  entry  of  the  plug) 
and  therefore  possesong  this  characteristic  cS  matter. 

10.  In  like  manner,  if,  after  havmg  opened  a  piir  of 
common  bellows,  we  shut  up  the  nozzle  and  valve  hole,  and 
try  to  bring  the  boards  together,  we  find  it  imposnbk. 
There  is  something  included  which  prevents  this,  in  the 
same  manner  as  if  the  bellows  were  filled  with  wool ;  but 
on  opening  the  nozzle  we  can  eaaly  shut  them,  viz.  by  ex-  { 
pelling  this  somethmg ;  and  if  the  oompresaon  is  forcible^ 
the  something  will  issue  with  conaderable  fcxce,  and  veiy 
sensibly  impel  any  thing  in  its  way. 

11.  It  is  not  accurate  to  say,  that  we  move  about  with- 
out any  obstruction  ;  for  we  find,  that  if  we  endeavour  to 
move  a  large  fan  with  rapidity,  a  very  sensible  hinderanoe 
is  perceived,  and  that  a  very  sensible  force  must  be  exert*- 
ed ;  and  a  sensible  wind  is  produced,  which  will  agitate 
the  neighbouring  bodies.     It  is  therefore  justly  concluded^ 
that  the  motion  is  pos^ble  only  in  consequence  (rf*  having^ 
driven  this  obstructing  substance  out  of  the  way ;  and  that^ 
this  impenetrable,  resisting,  moveable,  impelling  substance^- 
id  matter.     We  perceive  the  perseverance  of  this  matter  im- 
its  state  of  rest  when  we  wave  a  fan,  in  the  same  manner'' 
that  we  perceive  the  inertia  of  water  when  we  move  a  pad- 
dle through  it.     The  effects  of  wind  in  impelling  our  ship^ 
and  mills,  in  tearing  up  trees,  and  overturning  buildings^ 
are  equal  indications  of  its  perseverance  in  a  state  of  mo- 
tion. 

To  this  matter,  when  at  rest,  we  give  the  name  All  ^ 
and  when  it  is  in  nootion  we  call  it  Wind. 

Air,  therefore,  is  a  material  fluid :  a  fluid,  because  it.  s 
parts  are  easily  moved,  and  yield  to  the  smallest  inequalit  JT 
of  pressure. 
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^poeacsfies  Bome  ottien  of  the  very  general,  though 
Kst  essendai,  properties  of  matter.  It  is  hesvy.  This  sp- 
pears  from  the  following  facts : 

1.  It  always  accompanies  this  globe  in  its  orbit  round 
the  sun,  surrounding  it  to  a  certain  distance,  under  tlic 
name  of  the  Atmospbere,  which  indicates  the  heiag  con- 
nected with  the  earth  by  its  general  force  of  gravity.  It  is 
chieBy  in  consequence  of  this  that  it  is  continually  moving 
round  the  earth  from  east  to  west ;  forming  what  is  called 
ibe  trade-wind,  to  be  more  particularly  con»dercd  after- 
wards.  AH  that  is  to  be  observed  on  this  subject  at  pre- 
seot  is,  that  in  consequence  of  the  disturbing  force  of  the 
eun  and  moon,  there  is  an  accumulation  of  the  air  of  the 
•Imosphere,  in  the  some  manner  as  of  the  waters  of  the 
oce&D,  in  those  parts  of  the  globe  which  have  the  moon 
near  their  zenith  or  nadir :  and  as  this  happens  successive- 
ly, going  from  the  east  to  the  west  (by  the  rotation  of  the 
enith  round  its  as.is  in  the  opposite  direction),  the  accumu- 
lated air  must  gradually  flow  along  to  form  the  elevation. 
This  is  chiefiy  to  be  observed  in  the  torrid  zone ;  and  the 
generality  and  regularity  of  this  motion  are  greatly  dis* 
turbcd  by  the  changes  wliich  are  continually  taking  place 
in  diflerent  parts  of  the  atmosphere  from  causes  which  ore 
not  mechanical. 

9.  It  is  in  hke  manner  owing  to  the  gravity  of  the  «r 
Uut  it  supports  the  clouds  end  vapours  which  we  see  con- 
stantly floating  in  it.  We  have  even  seen  bodies  of  nw  in* 
Goasiderablc  weight  iloal,  and  even  rise,  in  the  air.  Soap 
bubbles,  and  balloons  Glled  with  inflammable  gas,  rise  and 
float  in  ilie  same  manner  as  a  cork  rises  in  water.  This 
phenomenon  proves  the  weight  of  the  air  in  the  same  ninn- 
ner  ibat  the  swimming  of  a  piece  of  wood  indicates  tlic 
weight  of  the  water  which  sup]K>rls  it. 

8.  But  we  ore  not  le(\.  to  these  refined  olwervationi  tor 
the  proof  of  the  air's  gravity.  We  may  ubser^'e  famUiar 
lihenomena,  which  would  be  immediate  consequences  aC 
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the  supporition  that  ur  is  a  heavy  fluid,  and,  like  other 
heavy  fluids,  presses  on  the  outndes  of  all  bodies  immetsed 
in  or  surrounded  by  it.     Thus,  for  instance,  if  we  shut 
the  nozzle  and  valve  hole  of  a  pair  of  bellows  afker  having 
squeezed  the  air  out  of  them,  we  shaU  find  that  a  veij 
great  force,  even  some  hundred  pounds,  is  necessary  Ar 
separating  the  boards.     They  are  kept  together  by  the 
pressure  of  the  heavy  air  which  surrounds  them  in  the 
same  manner  as  if  they  were  immersed  in  water.    In  lib 
manner,  if  we  stop  the  end  of  a  syringe  afler  its  pstoo  hii 
been  pressed  down  to  the  bottom,  and  then  attempt  to 
draw  up  the  piston,  we  shall  find  a  considerable  fofte  ne- 
cessary, viz.  about  15  or  16  pounds  for  every  square  inch 
of  the  section  of  the  syringe.    Exerting  this  foi€e,  we  em 
draw  up  the  piston  to  the  top,  and  we  can  hold  it  theie; 
but  the  moment  we  cease  acting,  the  piston  rushes  down 
and  strikes  the  bottom.     It  is  odled  a  suction,  as  we  fed 
something  as  it  were  drawing  in  the  piston ;  but  it  is  really 
the  weight  of  the  incumbent  air  pressing  it  in.     And  this 
obtains  in  every  position  of  the  syringe ;  because  the  air  is 
a  fluid,  and  presses  in  every  direction.    Nay,  it  presses  on 
the  syringe  as  well  as  on  the  piston  ;  and  if  the  jMstoD  be 
hung  by  its  ring  on  a  nail,  the  syringe  requires  fbite  to 
draw  it  down  (just  as  much  as  to  draw  the  piston  up;) 
and  if  it  be  let  go,  it  will  spring  up,  unless  loaded  with  at 
least  15  pounds  for  every  square  inch  of  its  tranverse  sec- 
tion, (see  Fig.  2.) 

4.  But  the  most  direct  proof  of  the  weight  of  the  ab  b 
had  by  wdghing  a  vessel  empty  of  air,  and  then  weigh- 
ing it  again  when  the  air  has  been  admitted;  and  tlui^ 
as  it  is  the  most  obvious  consequence  of  its  weight,  has 
been  asserted  as  long  ago  as  the  days  of  Aristotle.  He 
says  (••«?'  i«^«m.  iv.  4.),  That  all  bodies  are  heavy  in  their 
place  except  fire :  even  au*  is  heavy ;  for  a  blown  bladder 
is  heavier  than  when  it  is  empty.  It  is  somewhat  surpris- 
ing that  his  followers  should  have  gone  into  the  opposite 
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while  professing  to  maiatain  the  doctrine  of  their 
leader.  If  we  take  a  very  iarge  and  limber  bladder,  and 
aqueeie  out  the  wr  very  carefully,  and  weigh  il,  aod  then 
fiJl  it  till  the  wrinkles  just  begin  to  disappear,  and  weigh  it 
again,  ne  shall  find  no  difference  in  the  weight.  But  this 
is  not  AriElotlc's  meaning ;  because  the  bladder  conslder- 
«il  as  a  vessel,  is  equally  full  in  both  cases,  its  dimensions 
bang  changed.  We  cannot  take  the  air  out  of  a  bladder 
without  its  immediately  collapsing.  But  what  would  be 
tru«  of  a  bladder  would  be  equally  true  of  any  vessel. 
Therefore,  wkc  a  round  vessel  A  (Fig.  3.),  fitted  with  a 
otopcock  I),  and  syringe  C.  Fill  the  whole  with  water, 
and  press  the  piston  to  the  bottom  of  the  syringe.  Then 
keeping  the  cock  open,  and  holding  the  vessel  upright, 
with  the  syringe  undermost,  draw  down  tlic  piston.  The 
water  will  follow  it  by  its  weight,  and  leave  part  of  the 
vessel  empty.  Now  shut  the  cock,  and  again  push  up  the 
piston  to  the  bottom  of  the  fringe;  the  water  escapes 
through  the  piston  valve,  as  will  be  explained  afterword: 
then  opening  the  cock,  and  again  drawing  down  the  piston, 
more  water  will  come  out  of  the  vessel.  Repeat  this  ope- 
mioD  till  all  the  water  have  come  out.  Shut  the  cock, 
Ufiscrew  the  syringe,  and  weigh  the  vessel  very  accurately. 
Now  open  the  cock,  and  admit  the  air,  and  weigh  the  vessel 
again,  it  will  be  found  heavier  than  before,  and  this  addi- 
tional weight  is  the  weight  of  the  air  which  fills  it ;  and  it 
will  be  found  to  be  523  grains,  about  an  ounce  and  a  fifth 
avoirdupois,  for  every  cubic  foot  that  the  vessel  contains. 
Now,  since  a  cubic  foot  of  water  would  weigh  1000  ounces, 
tbia  experiment  would  sliow  that  water  is  about  840  times 
heavier  tliaii  air.  The  most  accurate  judgment  of  this 
iQOd  of  which  we  have  met  with  an  account,  is  that  record- 
ed by  Sir  George  Shuckburgh,  which  is  in  llie  OJth  vol. 
of  the  Philosophical  Transactions,  p.  500.  From  this  it 
IbDows,  that  when  the  air  is  of  the  temperature  53,  and 
barotneler  stands  at  29i  inches,  the  air  is  836  times  lighter 
Vot.  III.  3  L 
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than  water.  But  the  experiment  is  not  susceptiUe  of  mifB- 
dent  accuracy  for  determining  the  exact  weight  of  a  cubic 
foot  of  dr.  Its  weight  b  very  small ;  and  the  vesad  muit 
be  strong  and  heavy,  so  as  to  overload  any  balance  that  is 
sufficiently  nice  for  the  experiment 

To  avoid  this  inconvenience,  the  whole  may  be  wdgb- 
ed  in  water,  first  loading  the  vessel  so  as  to  make  it  pr»- 
ponderate  an  ounce  or  two  in  the  water.  By  this  mcani 
the  balance  will  be  loaded  only  with  this  small  preponder* 
ancy.  But  even  in  this  case  there  are  considerable  aourees 
of  error,  ari^ng  from  changes  in  the  specific  gravity  of  the 
water  and  Other  causes.  The  experiment  has  often  been 
repeated  with  this  view,  and  the  air  has  been  found  at  a 
medium  to  be  about  840  times  as  light  as  water,  but  with 
great  variations,  as  may  be  expected  from  its  very  hetoiK 
gencous  nature,  in  consequence  of  its  bdng  the  menstfuiutt 
of  almost  every  fluid,  of  all  vapours,  and  even  of  most  solid 
bodies ;  all  which  it  holds  in  solution,  forming  a  fluid  per« 
fcctly  transparent,  and  of  very  difierent  density  aooording 
to  its  composition.  It  is  found,  for  instance,  that  perfecdy 
pure  air  of  the  temperature  of  our  ordinary  summeTi  is 
considerably  denser  than  when  it  has  dissolved  about  half 
as  much  water  as  it  can  hold  in  that  temperature ;  and  tfait 
with  this  quantity  of  water  the  difierence  of  density  increises 
in  proportion  as  the  mass  grows  warmer,  for  damp  air  is 
more  expansible  by  heat  than  dry  air. 

Such  is  the  result  of  the  experiment  suggested  by  Aris- 
totle, evidently  proving  the  weight  of  the  air ;  and  yet,  m 
has  been  observed,  the  Peripatetics,  who  profess  to  fcXkm 
the  dictates  of  Aristotle,  uniformly  refused  it  this  property. 
It  was  a  matter  long  debated  among  the  philosophers  of 
the  last  century.  The  reason  was,  that  Aristotie,  with 
that  indistinctness  and  inconsistency  which  is  observed  in 
all  his  writings  which  relate  to  matters  of  fact  and  ezp^ 
rience,  assigns  a  different  cause  to  many  phenomena  frincli 
any  man  led  by  common  observation  would  ascribe  to  the 
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Iraght  of  the  air.  Of  this  kind  b  the  rise  of  water  in 
ptimpB  and  sjphons,  which  all  the  Peripatelu-s  had  for  ages 
wribed  to  something  which  Ihey  called  nature't  abhorrence 
fa  void.  Aristotle  had  asserted  (Ibr  reasons  not  our  bud- 
lesB  to  adduce  at  present),  that  all  nature  was  full  of 
iAag,  and  that  nature  abhorred  a  void,  He  adduces  many 
!>rita,  in  wliich  it  appears,  that  if  not  absolutely  impossible, 
t  is  very  difficult,  and  requires  great  force,  to  pruducc  a 
(pBce  void  of  matter.  When  the  operation  of  pumps  and 
tyfrfiDiis  came  to  be  known,  the  philosophers  of  Europe 
[who  had  all  embraced  the  Peripatetic  doctrines)  found  in 
this  fancied  horror  of  a  fancied  mind  (what  else  is  this  that 
Iwture  abhors  f)  a  ready  solution  of  the  phenomena.  We 
ihail  state  the  facts,  that  every  reader  may  see  what  kinds 
at  reasoning  were  received  among  the  learned  not  two  cen- 
lories  ago. 

Pumps  were  then  constructed  in  the  following  man- 
ner: A  long  pipe  GB  (Fig.  4.)  was  set  in  the  water  of 
Ihe  well  A.  This  was  fitted  with  a  sucker  or  piston  C, 
liaving  a  long  rod  CF,  and  was  furnished  with  a  valve  B 
It  the  bottom,  and  a  lateral  pip  OK  at  the  place  of  de- 
liv«y,  also  furnished  with  a  valve.  The  fad  is,  that  if 
Ihe  piston  be  thrust  down  to  the  boilom,  and  then  drawn 
UJS  the  water  will  follow  it;  and  upon  the  piston  being 
igun  pushed  down,  the  water  shuts  the  valve  B  by  its 
in^ht,  and  escapes,  or  is  expelled  at  the  valve  E ;  and  on 
faiwing  up  the  piston  agun  the  valve  £  is  shut,  (lie  water 
a  rises  after  the  piston,  and  is  agwn  expelled  at  its  next 


The  Peripatetics  explain  all  tills  by  saying,  that  if  the 
Ma  did  notjbllmv  the  piston  there  would  be  a  void  be- 
tweeo  them.  But  nature  abhors  a  void ;  or  a  void  is  im- 
ponible :  therefore  the  water  follows  the  piston.  It  is  not 
Mcth  while  to  criticise  the  wretched  reasoning  in  this  pre* 
B  to  explanation.  It  is  all  overturned  by  one  observn- 
Suppose  Ute  ppc  shut  at  the  bottom,  the  piston  eon 


532  PNSUMATIC8. 

be  drawn  up,  and  thus  a  void  produced.     No,  say 
Peripatetics ;  and  they  speak  of  certain  spirits,  effluvia, 
which  occupy  the  place.     But  if  so,  why  needs  the 
rise  ?  This  therefore  is  not  the  cause  of  its  ascent     It  is  a 
curious  and  important  phenomenon. 

The  sagacious  Galileo  seems  to  have  been  the  first  who 
seriously  ascribed  this  to  the  weight  of  the  air.  Many  be- 
fore him  had  supposed  air  heavy ;  and  thus  expUned  the 
difficulty  of  raising  the  board  of  bellows,  or  the  pston  of  a 
syringe,  &c.  But  he  distinctly  applies  to  ttus  allowed 
weight  of  the  air  all  the  consequences  of  hydrostatical  laws; 
and  he  reasons  as  follows : 

The  heavy  air  rests  on  the  water  in  the  cistern,  and 
presses  it  with  its  weight.  It  does  the  same  with  the  wata 
in  the  pipe,  and  therefore  both  are  on  a  level ;  but  if  the 
jnston,  after  being  in  contact  with  the  surface  of  the  water, 
be  drawn  up,  there  is  no  longer  any  pressure  on  the  sur- 
face of  the  water  within  the  pipe ;  for  the  air  now  rests  on 
the  piston  only,  and  thus  occasions  a  difficulty  in  drawing 
it  up.  The  water  in  the  pipe,  therefore,  is  in  the  same 
situation  as  if  more  water  were  poured  into  the  cistern, 
that  is,  as  much  as  would  exert  the  same  pressure  on  its 
surface  as  the  air  does.  In  this  case  we  are  certain  that 
the  water  will  be  pressed  into  the  pipe,  and  will  raise  up 
the  water  already  in  it,  and  follow  it  till  it  is  equally  high 
within  and  without.  The  same  pressure  of  the  air  shuti 
the  valve  E  during  the  descent  of  the  piston.  (See  GaR- 
lea's  Discourses.) 

He  did  not  wait  for  the  very  obvious  objection,  that 
if  the  rise  of  the  water  was  the  effect  of  the  air's  pressure, 
it  would  also  be  its  measure,  and  would  be  raised  and  sup- 
ported only  to  a  certain  height  He  directly  said  so,  and 
adduced  this  as  a  decisive  experiment  If  the  horror  oft 
void  be  the  cause,  says  he,  the  water  must  rise  to  any 
height  however  great ;  but  if  it  be  owing  to  the  preasuie 
of  the  air,  it  will  only  rise  till  the  weight  of  the  water  in 


ppc  is  in  equilibrio  with  the  pressure  of  the  air,  ac- 
oarding  to  the  common  laws  of  hydrostatics.  And  he  adds, 
that  this  is  well  knonn  ;  for  it  ia  a  fact,  llmt  pumps  will 
noC  draw  water  much  above  forty  pdma,  although  they 
may  be  made  to  propel  or  to  llfi  it  to  any  height.  He  then 
makes  an  ossertion,  which,  if  true,  will  be  decisive.  Let  a 
lay  long  pipe,  shut  at  one  end,  be  filled  with  water,  and 
lei  it  be  trected  perpendicularly  with  the  close  end  upper- 
tBoct,  and  a  stopper  in  the  other  end,  and  then  its  lower 
orifice  immersed  into  a  vessel  of  water  ;  the  water  will  sub- 
nde  in  the  pipe  upon  removing  the  stopper,  till  the  re- 
naioing  column  is  in  equillbrio  with  the  pressure  of  the 
external  air.  This  experiment  he  proposes  to  the  curious ; 
nying,  however,  that  he  thought  it  unnecessary,  there 
hoag  already  such  abundant  proofs  of  the  air's  pressure. 

It  is  probable  that  the  cumbcrsomeness  of  the  necessary 
^paratus  protracted  the  making  of  this  experiment.  Ano- 
ther equally  conclusive,  and  much  easier,  was  made  in 
1648,  after  Cialileo's  death,  by  his  Jealous  and  learned 
diidple  Toricelli.  He  filled  a  gloss  tube,  close  at  one  end, 
with  mercury;  judging,  that  if  the  support  of  tlie  water 
wu  owing  to  (he  pressure  of  the  lur,  and  was  the  measure 
of  this  pressure,  mercury  would  in  like  manner  be  aupparU 
«d  hy  it,  and  this  at  a  height  which  was  also  the  measure 
of  the  air's  pressure,  and  therefore  1 3  times  less  than  water. 
He  had  the  pleasure  of  seeing  his  expectation  verified  in 
the  complelest  manner;  the  mercury  descending  in  the 
tube  AB  (Fig.  5.)  and  finally  settling  at  the  lieighiyB  of 
89 J  Roman  inches:  and  he  found,  that  when  the  tube  was 
inclined,  the  pointy  was  in  the  same  horizontal  plane  with 
yin  the  upright  lube,  according  to  the  received  laws  of 
bydrostatical  pressure.  The  experiment  was  of^en  repeat- 
•d,  and  soon  become  famous,  exciting  great  controversies 
among  the  philosophers  alioul  the  possibility  of  a  vacuum. 
About  three  years  afterwards  the  same  .experiment  was 
jH^lished  at  Warsaw  in  Poland,  by  Valeriantis  Magnus  u 
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his  own  suggestion  «nd  discovery :  but  it  appean  phoi 
from  the  letters  of  Boberval,  not  only  that  ToricelU  wu 
prior,  and  thfit  his  experiment  was  the  general  topic  cf 
discusaon  among  the  curious ;  but  also  highly  piofaibk 
that  Valerianus  Mognus  was  informed  of  it  whoi  it 
Rome,  and  daily  conversant  with  those  who  had  seen  it « 
He  denies,  however,  even  having  heard  of  the  name  of  To- 
ricelU. 

This  was  the  era  of  philosophical  ardour ;  and  we  tUnk 
that  it  was  Galileo^s  invention  and  immediate  applicatka 
of  the  telescope  which  gave  it  vigour.  Discoveries  of  tfai 
most  wonderful  kind  in  the  heavens,  and  which  reqimdi 
no  extent  of  previous  knowledge  to  understand  them,  wmt 
thus  put  into  the  hands  of  every  person  who  could  par- 
chase  a  spy-glass;  while  the  high  degree  of  cre£faili^ 
which  some  of  the  discoveries,  such  as  the  jdiases  of  Yenm 
and  the  rotation  and  satellites  of  Jupiter,  gave  to  the  Co* 
pemican  system,  immediately  set  the  whole  body  of  the 
learned  in  motion.  Galileo  joined  to  his  ardour  a  grat 
extent  of  learning,  particularly  of  mathematical  knowledge 
and  sound  logic,  and  was  even  the  first  who  formally  mut- 
ed mathematics  with  physics ;  and  his  treatise  on  aocek* 
rated  motion  was  the  first,  and  a  precious  fruit  of  tbb 
union.  About  the  years  1642  and  1644,  we  find  dubs  of 
gentlemen  associated  in  Oxford  and  London  for  the  culti- 
vation of  knowledge  by  experiment;  and  before  1665  aO 
the  doctrines  of  hydrostatics  and  pneumatics  were  fiuniliir 
there,  established  upon  experiment  Mr  Boylc  procured 
a  coalition  and  correspondence  of  these  clubs,  under  tbe 
name  of  the  Invisible  and  Philosophical  Society.  In  M^ 
1658,  Mr  Hooke  finished  for  Mr  Boylc  an  air-pumpf 
which  had  employed  him  a  long  time,  and  occa»oned  bioi 
several  journeys  to  London  for  things  which  the  workmen 
of  Oxford  could  not  execute.  He  speaks  of  this  as  a  gro^ 
improvement  on  Mr  Boyle\s  own  pump,  which  he  had  been 
using  some  time  before.     Boylc  therefore  must  have  i^ 
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his  ftjr-pump,  and  was  not  indebwd  for  it  loSchottiis's 
of  Otto  Gucrick's,  published  in  lita  (Scbottus)  Me- 
Hffdraulo-pneumatica  tn  1657,  as  he  asserts^  Ttcktta 
\).  The  Royal  Society  of  London  arose  in  165(5 
from  the  roolition  of  these  dubs,  af^er  15  years  co-opera- 
tion and  correspondence.  The  fttontraorine  Society  at 
Paris  had  subsisted  nearly  about  the  same  time ;  for  we 
find  Paschal  in  1648  speaking  of  tlie  meetiogB  in  the  Sor- 
boane  College,  from  which  we  know  that  society  originat- 
ed,—Nuremberg,  in  Germany,  was  also  a  distinguished 
Msninary  of  experimental  philosophy.  T)ie  magistrates, 
Ecnsible  of  its  valuable  influence  in  manufacturer,  the 
xmroe  of  the  opulence  and  prosperity  of  their  citvi  and 
]  many  of  them  philosophers,  gave  pliilosophy  a  professed 
^^■^Btunificent  patronage,  f'umialiing  the  philosophers  with 
^^^■Idus  apparatus,  a  place  of  assembly,  and  a  fund  for 
^^^^k>enBe  of  their  experiments ;  so  that  this  was  the  first 
^BBemy  of  sciences  out  of  Italy  under  the  patronage  of 
government.  In  Italy,  indeed,  there  had  long  existed  in- 
s^tutions  of  this  kind.  Rome  was  the  centre  of  church- 
government,  and  the  resort  of  all  expectants  for  preferment. 
The  clergy  were  llie  majority  of  tlie  learned  in  all  Chris- 
Inn  nations,  and  particularly  of  the  systematic  philosophers. 
Bach,  eager  to  recommend  himself  to  notice,  brought  for- 
ward every  thing  that  was  curious ;  and  ihey  were  tlie 
iriUing  vehicles  of  philosophical  communication.  Thus  the 
VXperiments  of  Galileo  and  Toricelli  were  rapidly  diffused 
by  persons  of  rank,  the  dignitaries  of  the  church,  or  by  the 
monks,  tlieir  obsequious  servants.  Perhaps  the  recent  de- 
feotion  of  England,  and  the  want  of  a  residing  embas.iy  at 
Bome,  made  her  sometimes  late  in  receiving  or  spreading 
philosophical  researches,  and  was  the  cause  that  more  was 
iaae  tliere  proprio  Marte. 

We  hope  to  lie  excused  for  thb  digreSMon.  We  were 
ily  kd  into  it  by  the  pretenaons  of  Valerianus  Mag- 
txiginatily  in   the  experimenl  of  the  mercury  sup- 
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ported  by  the  pressure  of  the  air.  Such  is  the  strength  of 
national  attachment,  that  there  were  not  wanting  some  who 
found  that  Toricelli  had  borrowed  his  experiment  from 
Honoratus  Fabri,  who  had  proposed  and  explained  it  m 
1641 ;  but  whoever  knows  the  writings  of  Toricelli,  and 
Gralileo^s  high  opinion  of  him,  will  never  think  that  he  could 
need  such  helps.  (See  this  surmise  of  Mounier  in  SchalL 
Tech.  Cur.  III.  at  the  end.)  i 

Galileo  must  be  considered  as  the  author  of  the  experi- 
ment when  he  proposes  it  to  be  made.  Valerianus  Magnus 
owns  himself  indebted  to  him  for  the  principle  and  the  con- 
trivance of  the  experiment  It  is  neither  wonderful  that 
many  ingenious  men,  of  one  opinion,  and  instructed  by 
Galileo,  should  separately  hit  on  so  obvious  a  thing ;  nor 
that  Toricelli,  his  immediate  disciple,  his  enthusiastic  ad- 
mirer, and  who  was  in  the  habits  of  corresponding  with  him 
tiU  his  death,  in  1642,  should  be  the  first  to  put  it  in  prac- 
tice. It  became  the  subject  of  dispute  from  the  national 
arrogance  and  self-conceit  of  some  Frenchmen,  who  have 
always  shown  themselves  disposed  to  consider  their  natiim 
as  at  the  head  of  the  republic  of  letters,  and  cannot  brook 
the  concurrence  of  any  foreigners.  Rober\'al  was  in  this 
instance,  however,  the  champion  of  Toricelli ;  but  those 
who  know  his  controversies  with  the  mathematicians  of 
France  at  this  time  will  easily  account  for  this  exception. 

All  now  agree  in  pving  Toricelli  the  honour  of  tlie^r#< 
invention ;  and  it  universally  passes  by  the  name  of  the 
ToBicELLiAN  ExPEKiMEXT.  The  tubc  is  called  the  Tobi- 
CELLiAN  Tube  ;  and  the  space  left  by  the  mercury  is 
called  the  Tobicellian  Vacuum,  to  distinguish  it  from 
the  BoYLEAN  Vacuum,  which  is  only  an  extreme  rarefac- 
tion. 

The  experiment  was  repeated  in  various  forms,  and  with 
apparatus  which  enabled  philosophers  to  examine  several 
effects  which  the  vacuum  produced  on  bodies  exposed  in 
it.     This  was  done  by  making  the  upper  part  of  the  tubc 
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in  a  vessel  of  some  capacity,  or  communicate  with 
blch  ■  vessel,  ta  which  were  included  along  with  the  mer- 
cury bodies  on  which  (lie  experiments  were  to  be  made. 
When  the  mercury  had  runout,  the  phenomena  of  tliesc 
bodies  were  carefully  observed. 

An  objection  was  made  to  the  conclusion  drawn  from 
Torcttlli's  experiment,  which  appears  formidable.  If  the 
Toriceliittu  tube  be  suspended  on  the  arm  of  a  balance,  it 
is  found  that  the  counterpoise  must  be  et^ual  to  the  weight 
both  of  the  tube  and  of  the  mercury  it  contains.  This 
Eould  Dot  be,  say  ihe  objectors,  if  the  mercury  were  sup- 
(torted  by  iJie  air.  It  is  evidently  supported  by  the  bi- 
ioDce ;  and  this  gave  rise  to  another  notion  of  the  cause 
iifferent  from  the  peripatetic  _/u^  vacui:  a  suspensive 
brce,  or  rather  attraction,  was  assigned  to  the  upper  part 
if  the  tube. 

But  the  true  explanation  of  the  phenomenon  is  most  easy 
lad  satisfactory.  Suppose  the  mercury  in  the  cistern  and 
lube  to  freeze,  but  without  adhering  lo  the  tube,  so  that 
ibe  tube  could  be  freely  drawn  up  and  down.  In  this  case 
Ibe  mercury  is  supported  by  the  base,  without  any  depen- 
lence  on  the  pressure  of  the  air ;  and  the  tube  is  in  the 
Boe  condition  as  before,  and  the  solid  mercury  [wrforms 
the  t^ce  of  a  piston  to  this  kind  of  syringe.  Suppose  the 
tube  thrust  down  till  tlie  top  of  it  touches  the  top  of  the 
mercury.  It  is  evident  ihal  it  must  be  drawn  up  in  op- 
poaition  to  the  pres.sure  of  the  extenial  air,  and  it  is  pre- 
■sely  biuiilar  to  the  syringe  already  raenUoned.  The 
•vight  sustained  therefore  by  this  arm  of  the  balance  is  the 
RMf^t  of  the  tube  and  the  downward  pressure  of  tlic  at- 
Boaphere  on  its  top. 

The  curiosity  of  philosophers  being  thus  excited  by  this 
re*y  m&D&geabte  experiment,  it  was  natural  now  to  try  the 
mgraal  experiment  proposed  by  Galileo.  Accordingly 
Bwii  in  Italy,  raadial  in  France,  and  many  others  in  dif- 
fiarent  places,  made  the  exiwrimcnl  with  a  tube  filled  with 
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water,  wine,  <nl,  be.  and  all  with  the  luooess  which  migbt 
be  expected  in  so  simple  a  matter:  and  the  doctrineof 
the  weight  and  pressure  of  the  air  was  estaUiahed  beyoad 
contradiction  or  doubt  All  was  done  before  the  jrw 
1648.— A  very  beautiful  experiment  was  exhibited  hj 
Auzout,  which  completely  satisfied  all  who  had  any  re- 
maining doubts. 

A  small  box  or  phial  EFGH  (Fig.  6.)  had  two  glaa 
tubes,  AB,  CD,  three  feet  long,  inserted  into  it  in  socb  t 
manner  as  to  be  firmly  fixed  in  one  end,  and  to  reach  neir- 
ly  to  the  other  end.  AB  was  open  at  both  ends,  and  CD 
was  close  at  D.  This  apparatus  was  completely  filled  with 
mercury,  by  unscrewing  the  tube  AB,  filling  the  box,  and 
the  hole  CD ;  then  screwing  in  the  tube  AB,  and  filling  it: 
then  holding  a  finger  on  the  orifice  A,  the  whob  wai 
inverted  and  set  upright  in  the  position  represented  in 
figure  fij  immersing  the  orifice  A  (now  a)  in  a  small  ves- 
sel of  quicksilver.  The  result  was,  that  the  mercury  na 
out  at  the  orifice  a,  till  its  surface  m  n  within  the  phial  de- 
scended to  the  top  of  the  tube  b  a.  The  mercury  also  be- 
gan to  descend  in  the  tube  d  c  (formerly  DC)  and  run  over 
into  the  tube  b  a,  and  ran  out  at  a,  till  the  mercury  in  dc 
was  very  near  equal  in  the  level  with  m  n.  The  mercuij 
descending  in  d  a  till  it  stood  at  fc,  29^  inches  above  the 
surface  op  oi  the  mercury  in  the  cistern,  just  as  in  the 
Toricellian  tube. 

The  rationale  of  this  experiment  is  very  easy.  The 
whole  apparatus  may  first  be  considered  as  a  Toricellian 
tube  of  an  uncommon  shape,  and  the  mercury  would  flow 
out  at  a.  But  as  soon  as  a  drop  of  mercury  comes  oat^ 
leaving  a-  space  above  m  fi,  there  is  nothing  to  keep  up  the 
mercury  in  the  tube  dc.  Its  mercury  therefore  descends 
also ;  and  running  over  into  h  a,  continues  to  supply  its  ex- 
pense till  the  tube  dci&  almost  empty,  or  can  no  longer 
supply  the  waste  of  6  a.  The  inner  surface  therefore  fidl» 
as  low  as  it  can,  till  it  is  level  with  6.     No  mor&  mereuiy 
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fro,  yet  its  column  is  too  heavy  to  be  suj^rted 
by  tl>e  prcisure  of  the  air  on  the  mercury  in  ihe  instern 
below  ;  it  tiierefore  descends  in  b  a,  and  fitiatly  settles  at 
the  height  k  o,  equal  to  that  of  the  mercury  in  the  Tori- 
celtian  tube. 

The  prettiest  circumstance  of  the  experiment  remains. 
Hake  a  smalt  hole  g  in  the  upper  cap  of  the  box.  The 
external  air  immediately  rushes  in  by  its  weight,  and  now 
pleases  on  the  mercury  in  the  box.  This  immediately 
raises  tlie  mercury  in  the  tube  dc  to  /,  99^  inches  above 
m  n.  It  presses  on  the  mercury  at  Ic  in  the  tube  ba,  ba- 
bndog  the  pressure  of  the  air  in  the  cistern.  The  mer- 
cury in  the  tube  therefore  is  left  to  the  influence  of  its  own 
weight,  and  it  descends  to  the  bottom.  Nothing  can  be 
mon  appo^te  or  decisive 

And  thus  the  doctrine  of  the  gravity  and  pressure  of 
the  air  is  established  by  the  most  unexceptionable  evi- 
dence: and  we  are  entitled  to  assume  it  as  a  statical 
principle,  and  to  affirm  ^  priori  all  its  legitimate  conse- 
quences. 

And,  in  the  ttrst  place,  we  obtdn  an  exact  measure  of 
the  pressure  of  the  atmosphere.  It  is  precisely  equal  to 
the  weight  of  the  column  of  mercury,  of  water,  of  oil,  &c. 
which  it  can  support ;  and  the  Toricelban  tube,  or  others 
fitted  up  upon  the  same  principle,  are  justly  termed  baro- 
acopea  and  baromcterj  with  respect  to  the  air.  Now  it  is 
obnerved  that  water  is  supported  at  the  height  of  3S  feet 
ttearly :  The  weight  of  the  column  is  exactly  SOOO  avoir- 
dupus  pounds  in  every  square  foot  of  base,  or  13,"o  on 
everj-  square  inch.  The  same  conclusion  very  nearly  may 
be  drawn  from  the  column  of  mercury,  which  is  nearly  ?9) 
incbcB  high  when  in  equilibrium  with  the  pressure  of  the 
«r<  We  may  here  observe,  that  the  measure  taken  from  the 
hcigktof  a  column  of  water,  wine,  spirits,  and  the  other 
flidda  of  considerable  volatility,  as  chemists  terra  it,  is  not  so 
esact  as  thai  taken  from   mercury,  ral,  and  the  like.     For 


540  PNSUMATIdl. 

it  is  observed,  that  the  volatile  fluids  are  converted  by  Ai 
ordinary  heat  of  our  climates  into  vapour  when  the  oonfia- 
ing  pressure  of  the  air  is  removed ;  and  this  vapour,  by  its 
elasticity,  exerts  a  small  pressure  on  the  surface  of  the  w»- 
ter,  &c.  in  the  pipe,  and  thus  counteracts  a  small  part  of 
the  external  pressure ;  and  therefore  the  column  supported 
by  the  remaining  pressure  must  be  lighter,  that  is,  shorter. 
Thus  it  is  found,  that  rectified  spirits  will  not  stand  much 
higher  than  is  competent  to  a  weight  of  13  pounds  on  an 
inch,  the  elasticity  of  its  vapour  balancing  about  ^j  of  the 
pressure  of  the  air.     We  shall  afterwards  have  occasion  to 
consider  this  matter  more  particularly. 

As  the  medium  height  of  the  mercury  in  the  barometer 
is  ^9i  inches,  we  see  that  the  whole  globe  sustuns  a  pres- 
sure equal  to  the  whole  weight  of  a  body  of  mercury  of  tUf 
height ;  and  that  all  bodies  on  its  surface  sustiun  a  part  of 
this  in  proportion  to  their  surfaces.  An  ordinary-sized  man 
sustains  a  pressure  of  several  thousand  pounds.  How  comet 
it  then  that  we  are  not  sensible  of  a  pressure  which  cne 
should  think  enough  to  crush  us  together  ?  This  has  been 
considered  as  a  strong  objection  to  the  pressure  of  the  ttr; 
for  when  a  man  is  plunged  a  few  feet  under  water,  he  is 
very  sensible  of  the  pressure.  The  answer  is  by  no  means 
so  easy  as  is  commonly  imagined.  We  feel  very  distinctly 
the  effects  of  removing  this  pressure  from  any  part  of  the 
body.  If  any  one  will  apply  the  open  end  of  a  syringe  to 
his  hand,  and  then  draw  up  the  piston,  he  will  find  bis 
hand  sucked  into  the  syringe  with  great  force,  and  it  will 
give  pidn ;  and  the  soft  part  of  the  hand  Mali  swell  into  it, 
being  pressed  in  by  the  neighbouring  parts,  which  are  sub- 
iect  to  the  action  of  the  external  air.  If  one  lays  his  hand  oo 
the  top  of  a  long  perpendicular  pipe,  such  as  a  pump  filled 
to  the  brim  with  water,  which  is  at  first  prevented  finom 
running  out  by  the  valve  below ;  and  if  the  valve  be  then 
opened,  so  that  the  water  descends,  he  will  then  find  Us 
hand  so  hard  pressed  to  the  top  of  the  |Hpe  that  he  cannot 


it  away.  But  why  do  we  only  feel  tlie  inequality  of 
pressure  'f  There  is  a  similar  instance  wherein  we  do  nol 
fed  it,  although  we  canDot  doubt  oi"  its  existence.  When 
a  man  goes  slowly  to  a  great  depth  under  water  in  a  div- 
ing'-bcll,  we  know  unquestionably  that  he  is  exposed  to  a 
new  and  very  great  pressure,  yet  he  does  not  feel  it.  But 
dioae  facts  are  not  sufficiently  familiar  for  general  argu- 
ment. The  human  body  is  a  bundle  of  solids,  hard  or 
■oft,  filled  or  mixed  with  fluids,  and  there  are  few  or  nw 
parts  of  it  which  are  empty.  All  communicate  either  by 
vessels  or  pores  ;  and  the  whole  surface  is  a  sieve  through 
wluch  the  insensible  perspiration  is  performed.  The  whole 
eztentled  surface  of  the  lungs  is  open  to  the  pressure  of  the 
atmosphere  ;  every  thing  is  therefore  in  equilibrio  ;  and  if 
free  or  speedy  access  be  given  to  every  part,  the  body  will 
not  be  damoged  by  the  j>ressure,  however  great,  any  more 
than  a  wet  sponge  would  be  deranged  by  plunging  it  any 
depth  in  water.  The  pressure  is  instantaneously  diffused 
bj  means  of  the  incompressible  fluids  with  which  the  parts 
■TC  filled ;  and  if  any  parts  are  filled  with  air  or  other 
oconpressible  fluids,  these  are  compressed  till  their  elastici- 
ty  again  balances  the  pressure.  Besides,  all  our  fluids  arc 
acquired  slowly,  and  gradually  mised  wid)  that  proportion 
of  ur  which  they  can  dissolve  or  contain.  The  whole  ani- 
mal has  grown  up  in  this  manner  from  the  first  vita!  atom 
of  the  embryo.  For  such  reasons  the  pressure  can  occa- 
■on  no  change  of  shape  by  squeezing  together  the  flexible 
ports;  nor  any  obstruction  by  compressing  the  vessels  or 
pores.  We  cannot  say  what  would  be  felt  by  a  man,  were 
it  pouible  that  he  could  have  been  produced  and  grown  up 
in  vacuo,  and  then  subjected  to  the  compression.  We  even 
know  that  any  sudden  aiid  considerable  change  of  general 
preaaure  is  very  severely  lelt-  Persons  in  a  diving-bell 
have  been  almost  killed  by  letting  ihem  down  or  drawing 
tfwm  up  too  suddenly.  In  drawing  up,  the  eUstic  matters 
*itbin  have  tuddenly  swells),  and  not  finding  an  iimne- 
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diate  escape,  lulye  burst  the  vessels.    Dr  Halley  etpmmm^ 
cd  this,  the  blood  gushing  out  from  his  ears  by  the 
mm  of  ail  contained  in  the  internal  cavities  of  tlus 
from  which  there  are  but  very  slender  passages. 

A  very  important  observation  recurs  here  :  the  preisuie 
of  the  atmosphere  is  variable.  This  was  observed  almost 
as  soon  as  philosophers  began  to  attend  to  the  bardmeMr.-^ 
Paschal  observed  it  in  France,  and  Descartes  observed  it 
in  Sweden  in  1650.  Mr  Boyle  and  others  observed  ift  is 
England  in  1656.  And  before  this,  observers,  who  took 
notice  of  the  concomitancy  of  these  changes  of  aerial  pn» 
sure  with  the  state  of  the  atmosphere,  remarked^  that  it 
was  generally  greatest  in  winter  and  in  the  night ;  bhA  O0^ 
tainly  most  variable  during  winter  and  in  the  northern  t^ 
^ns.  Familiar  now  with  the  weight  of  the  air,  and  eoft- 
sidering  it  as  the  vehicle  of  the  clouds  and  vapours,  thej 
noted  with  care  the  connexion  between  the  weather  and  the 
pressure  of  the  air,  and  found  that  a  great  pressure  of  dM 
air  was  generally  accompanied  with  fair  weather,  and  a  di- 
minution of  it  with  rain  and  mists.  Hence  the  baiiumeta 
came  to  be  considered  as  an  index  not  only  of  the  present 
state  of  the  air^s  weight,  but  also  as  indicating  by  its  varia- 
tions changes  of  weather.  It  became  a  Weatheb-glass, 
and  continued  to  be  anxiously  observed  with  this  view* 
This  is  an  important  subject,  and  will  afterwards  be  treat* 
ed  in  some  detail. 

In  the  next  place,  we  may- conclude  that  the  pressure  of 
the  air  will  be  different  in  different  places,  according  to 
their  elevation  above  the  surface  of  the  ocean :  for  if  nr  be 
an  heavy  fluid,  it  must  press  in  some  proportion  according 
to  its  perpendicular  height.  If  it  be  a  homogeneous  fluid 
of  equal  density  and  weight  in  all  its  parts,  the  mercuiy 
in  the  cistern  of  a  barometer  must  be  pressed  precisdy  in 
proportion  to  the  depth  to  which  that  cistern  is  immofsed 
in  it ;  and  as  this  pressure  is  exactly  measured  by  the 
height  of  the  mercury  in  the  tube,  the  height  of  the  me^ 
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t  Toriccllian  tube  must  be  exactly  proportional 
.e  depth  of  the  place  of  observation  under  the  surface 
«  Btmasphere. 

he  celebrated  Descartes  first  entertiuned  this  thought 
at  e?7.  of  Pr.  III.),  and  soon  after  him  Paschal.  His 
padon  in  Paris  not  permitting  him  (o  try  the  justness 
8  doDJectiire,  lie  requested  Mr  Perricr,  a  gentleman  of 
mont  in  Auvergne,  to  make  the  experiment  bj  ob- 
Dg  the  height  of  tlie  mercury  at  one  and  the  same  time 
krmont  and  on  the  top  of  a  very  high  mountmn  in  the 
Ibourhood,  His  letters  to  Mr  Perrier  in  1647  are 
extant.  Accordingly  Mr  Perrier,  in  September  1646, 
1  two  equal  tubes  with  mercury,  and  observed  the 
iibflf  both  to  be  the  same,  viz.  36,'g  inches,  in  the 
M  trf  the  convent  of  the  Friars  Minims,  situated  in  the 
n  port  of  Clermont.  Leaving  one  of  them  there,  and  one 
e  fathers  to  observe  it,  he  took  the  other  to  the  tup  ofFuy 
toae,  vfhich  was  elevated  nearly  500  French  fathoms 

0  the  garden.  He  found  its  height  to  be  23,^  inches. 
lis  return  to  the  town,  in  a  place  called  Font  de  tArbre, 

hshoois  above  the  garden,  he  found  it  35  inches; 

1  he  rttumed  to  the  garden  it  nas  again  26j'i,  and  ths 
an  set  to  watch  the  tube  which  had  been  letl  said  that 
d  not  varied  the  whole  day.  Thus  a  difference  of  eieva- 
of  8000  French  feet  had  occasioned  a  depression  of  3J 
ts;  from  which  it  may  be  concluded,  that  :ik  inches  of 
«ry  weighs  as  much  as  3000  feet  of  air,  and  one.tenth  of 
idi  of  mercury  as  much  as  90  feet  of  air.  The  next  day 
mnd,  that  taking  the  tube  to  the  top  of  a  steeple  120 
li^h  made  a  fall  of  ono^ixih  of  an  inch.  This  gives 
wt  of  air  for  one-tenth  of  an  inch  of  mercury ;  but  ill 
ring  with  the  former  experiment.  But  it  is  to  be  ob- 
id,  that  a  very  small  crrar  of  observation  of  the  baro- 
r  would  correspond  to  a  great  difference  of  elevation, 
also  that  the  height  of  the  mountain  had  not  be«n 
niTfd  with  any  precision.     This  has  been  since  done 
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(Mem.  Acad.  par.  1703),  and  found  to  be  529 
toises. 

Paschal  published  an  account  of  this  great 
(Grande  Exp,  sur  la  Pesanteur  de  P  Air)^  and  it  ms 
quickly  repeated  in  many  places  of  the  world.  In  l9Bi, 
it  was  repeated  in  England  by  Dr  Power  (Power'^.EzpOi 
Phil.) ;  and  in  Scotland,  in  1661,  by  Mr  Sinclair,  profit 
or  of  philosophy  in  the  univernty  of  Glasgow,  who  ob- 
served the  barometer  at  Lanark,  on  the  top  of  mount  TUbb^ 
tock  in  Clydesdale,  and  on  the  top  of  Arthur's  Seat  at 
Edinburgh.  He  found  a  depression  of  two  inches  between 
Glasgow  and  the  top  of  Tintock,  three  quarters  of  an  inch 
between  the  bottom'  and  top  of  Arthur^s  Seat,  and  A  of  in 
inch  at  the  cathedral  of  Glasgow  on  the  height  of  126  fiet 
See  Sincliur's  Ars  Nova  et  Magna  GraviUUis  ei  LevUaHi; 
Sturmii  Collegium  Eaperimenlale,  and  Schotti  TVdWflt 
Curiosa, 

Hence  we  may  derive  a  method  of  measuring  the  hqgbti 
of  mountains.  Having  ascertained  with  great  preciMi 
the  elevation  corresponding  to  a  fall  of  one-tenth  of  in 
inch  of  mercury,  which  is  nearly  90  feet,  we  have  only  to 
observe  the  length  of  the  mercurial  column  at  the  top  and 
bottom  of  the  mountain,  and  to  allow  90  feet  for  ereij 
tenth  of  an  inch.  Accordingly  this  method  has  been  pao 
tised  with  great  success :  but  it  requires  an  attention  to 
many  things  not  yet  considered ;  such  as  the  change  of 
density  of  the  mercury  by  heat  and  cold ;  the  changes  of 
density  of  air,  which  are  much  more  remarkable  from  the 
same  causes ;  and,  above  all,  the  changes  of  the  denntj  of 
air  from  its  compressibility ;  a  change  immediately  connect- 
ed with  or  dependent  on  the  very  elevation  we  wish  to 
measure.     Of  all  these  afterwards. 

These  observations  give  us  the  most  accurate  menoie 
of  the  density  of  the  air  and  its  specific  gravity.  This  ii 
but  vaguely  though  directly  measured  by  weighing  air  in 
a  bladder  or  vessel.     The  weight  of  a  manageable  quantilj 
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nail,  that  a  balance  sufficiently  ticklish  to  indicate 
reiy  sennble  fractions  of  it  is  overloaded  by  the 
;  of  the  vessel  which  contuns  it,  and  ceases  to  be  ex- 
nd  when  we  take  Bernoulli's  ingenious  method  of 
(ding  it  in  water,  we  expose  ourselves  to  great  risk  of 
yf  the  variation  of  the  water^s  density.  Also  it  must 
irily  be  humid  air  which  we  can  examine  in  this 
but  the  proportion  of  an  elevation  in  the  atmosphere 
depression  of  the  column  of  mercury  or  other  fluid, 
ich  we  measure  its  pressure,  g^ves  us  at  once  the  pro- 
i  of  this  weight  or  their  specific  gravity.  Thus, 
t  is  found  that  in  such  a  state  of  pressure  that  the 
eter  stands  at  30  inches,  and  the  thermometer  at  32^, 
t  of  rise  produces  one-tenth  of  an  inch  of  fall  in  the 
eter,  the  air  and  the  mercury  being  both  of  the  freez- 
nperature,  we  must  conclude  that  mercury  is  10,440 
heavier  or  denser  than  air.  Then,  by  comparing 
ly  and  water,  we  get  ,^^  nearly,  for  the  dennty  of 
ative  to  water :  but  this  varies  so  much  by  heat  and 
ne,  that  it  is  useless  to  retain  any  thing  more  than  a 
il  notion  of  it ;  nor  is  it  easy  to  determine  whether 
eChod  or  that  by  actual  weighing  is  preferable.  It 
cmely  difficult  to  observe  the  height  of  the  mercury 
barometer  nearer  than  ^^^  of  an  inch ;  and  this  will 
Be  a  difference  of  even  five  feet,  or  -j^  of  the  whole, 
pa  this  is  a  greater  proportion  than  the  error  in  weigh- 

m  the  same  experiments  we  also  derive  some  know- 
of  the  height  of  the  aerial  covering  which  surrounds 
obe.  When  we  raise  our  barometer  87  feet  above 
rfiioe  of  the  sea,  the  mercury  falls  about  one-tenth  of 
h  in  the  barometer :  therefore  if  the  barometer  shows 
hes  at  the  sea-shore,  we  may  expect  that,  by  raising 
times  87  feet,  or  five  miles,  the  mercury  in  the  tube 
eacend  to  the  level  of  the  cistern,  and  that  this  is  the 
t  of  our  atmosphere.  But  other  appearances  lead  us 
L.  III.  %  M 
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to  suppose  a  much  greater  bogfat.  Meteors  are  seea  with 
us  much  higher  thaa  this,  and  which  yet  give  undoubted 
indication  of  being  supported  by  our  air.  There  cin  be 
little  doubt,  too,  that  the  viability  of  the  expanse  afaom 
us  is  owing  to  the  reflection  of  the  sun^s  light  by  our  «r. 
Were  the  heavenly  spaces  perfectly  transparent,  we  shouU 
no  more  see  them  than  the  purest  water  through  irfueh 
we  see  other  objects ;  and  we  see  them  as  we  see  water 
tinged  with  milk  or  other  fseculae.  Now  it  is  easy  to  shoir, 
that  the  light  which  gives  us  what  is  called  twiUj^i  muit 
be  reflected  from  the  height  of  at  least  50  miles  ;  fior  we 
have  it  when  the  sun  is  depressed  18  degrees  below  our 
horizon. 

A  little  attention  to  the  constitution  of  our  air  will  oob- 
vince  us,  that  the  atmosphere  must  extend  to  a  mudi  gittt- 
er  height  than  SOO  times  87  feet  We  see  from  the  molt 
familiar  facts  that  it  is  compressible ;  we  can  squeeae  it  ia 
an  ox  bladder.  It  is  also  heavy ;  presang  on  the  air  in 
this  bladder  with  a  very  great  force,  not  less  than  1500 
pounds.  We  must  therefore  oonuder  it  as  in  a  state  of 
compression,  existing  in  smaller  room  than  it  would  sssuiDe 
if  it  were  not  compressed  by  the  incumbent  air.  It  ma^ 
therefore  be  in  a  condition  something  resembling  that  oft 
quantity  of  fine  carded  wool  thrown  loosely  into  a  deep 
pit;  the  lower  strata  carrying  the  weight  of  the  upper 
strata,  and  being  compressed  by  them ;  and  so  much  tbe 
more  compressed  as  they  are  further  down,  and  only  tbe 
upper  stratum  in  its  unconstrained  and  most  expsnded 
state.  If  we  shall  suppose  this  wool  thrown  in  by  a  has- 
dred  weight  at  a  time,  it  will  be  divided  into  strata  of  cqitfl 
weights,  but  of  unequal  thickness;  the  lowest  being  tbe 
thinnest,  and  the  superior  strata  gradually  increasiogiB 
thickness.  Now,  suppose  the  pit  filled  with  air,  and  nscb- 
ing  to  the  top  of  the  atmosphere,  the  weighU  of  all  tbe 
strata  above  any  horizontal  plane  in  it  is  measured  hf  Ae 
hei^t  of  the  mercury  in  the  Tor  cellian  tube  placed  ia  tbit 
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'jfikae^  and  one-tentli  of  an  inch  of  mercury  ia  just  equal 
to  ihe  weight  of  the  lowest  stratura  87  feet  thick  ;  for  on 
t^aag  the  tube  87  feet  from  the  sen,  the  surface  of  the 
Bwicury  will  descend  one-tenth  of  an  inch.  Raise  the  tube 
till  the  mercury  fall  another  tenth  :  this  stratum  must  be 
knore  than  67  feet  thick ;  how  much  more  we  cannot  tell. 
Wing  ignorant  of  the  law  of  the  air's  expansion.  In  order 
to  make  it  fall  a  third  tenth,  we  must  raise  it  through  a 
ttTHtum  still  thicker ;  and  so  on  continually. 

All  this  is  abundantly  confirmed  by  the  very  first  cxperi- 
Inent  mode  by  the  order  and  directions  of  Paschal :  for 
bjr  carrying  the  tube  from  the  garden  of  the  convent  to  a 
placo  150  fathoms  higher,  the  mercury  fell  1,'j  inches,  or 
1,9917;  which  gives  about  69  feet  8  inches  of  aerial  stra- 
tum for  jij  of  an  inch  of  mercury  ;  and  by  carrying  it  from 
thence  to  a  place  ."^50  fathoms  higher,  the  mercury  fell 
lj{,  or  1,9107  inches,  which  gives  109  feet  7  inches  for 
1*5  of  an  inch  of  mercury.  These  experiments  were  not 
accurately  made ;  for  at  that  time  the  piiilosophers,  though 
Mfllous,  were  but  scholars  m  the  science  of  e:<  penmen  ting, 
imd  novices  in  the  art.  But  the  results  abundantly  show 
ilufl  general  truth,  and  they  are  completely  confirmed  by 
jihousands  o(  subsequent  observations.  It  is  evident  from 
{the  whole  tenor  of  them,  that  the  strata  of  air  decrease  in 
Idensly  as  we  ascend  through  the  atmosphere;  but  it  re- 
{taained  to  be  discovered  what  is  the  force  of  this  decrease, 
jthal  is,  the  law  of  the  air's  expansion.  Till  this  be  done 
|«e  can  say  nothing  about  the  constitution  of  our  atmo- 
Uhem ;  wc  cannot  tell  in  wliul  manner  it  is  fittest  for  rais- 
ing and  supporting  the  exlialations  and  vapours  which  ore 
jBontinually  nrisuig  from  tlic  inhabited  regions ;  not  as  an 
pxeremcntitious  waste,  but  to  be  supported,  perhaps  ninnn- 
faeturcd,  in  llmt  vast  laboratory  of  nature,  and  to  be  re- 
lume<l  to  us  in  beneficent  showers.  We  cannot  use  our 
|koo»leclgc  fur  the  curious,  and  frequently  useful,  purpose 
MMtauring  the  licights  of  miiunuins  and  taking  the  leveb 


of  extensive  regions ;  in  sliorl,  without  an  nccunie  koos- 
ledge  of  this,  we  can  hardly  acquire  any  acquainUocr  viA   ' 
those  mechanical  properties  which  distinguish  air  froai  tlmt 
liquids  which  circulate  here  below. 

Having  therefore  considered  at  some  length  the  iea^ 
consequences  of  tlie  air's  fluidity  and  gravity,  let  ui  (e». 
Rider  its  compressibility  with  the  same  care ;  and  lheii,Qin. 
bining  the  agency  of  both,  we  shall  answer  all  the  purpon 
of  philosophy,  discover  the  laws,  explain  the  phemDwiii 
of  nature,  and  improve  art.  We  proceed  tlierefurctocw- 
sider  a  little  the  phenomena  which  indicate  and  characUrac 
this  other  property  of  the  air.  All  fluids  are  elastic  ml 
compressible  as  well  as  air ;  but  in  them  the  compm- 
sibility  makes  no  figure,  or  does  not  interest  us  while  ve 
are  considering  their  pressures,  motions,  and  impulam 
But  in  air  the  compressibility  and  expansion  draw  our  diirf 
attention,  and  make  it  a  proper  representative  of  tlui  dui 
of  fluids. 

Nothing  is  more  familiar  than  the  compressibility  of  w. 
It  is  seen  in  a  bladder  filled  with  it,  which  we  csn  fanihij 
squeeze  into  less  room  ;  it  is  seen  in  a  syringe,  of  trliidin 
urn  push  ihe  plug  farther  and  farther  as  we  increuetfic 
pressure. 

But  these  appearances  bring  into  view  another,  lod  tht 
most  interesting,  property  of  air,  viz,  its  eUuticity.    Whad 
we  have  squeezed  the  air  in  the  bladder  or  syringe  it 
room,  we  find   that  the  force  wjtli  which  we  compretui'M 
is  necessary  to  keep  U  in  this  bulk ;  and  that  if  we  a 
press  it  together,  it  will  swell  out  and  regain  its  a 
dimensions.     This  distinguishes  it  essentially  &am  si 
body  as  a  mass  of  flour,  salt,  or  such  like,  which  rcmiiii 
the  compre!ised  state  to  which  we  i-educe  them. 

There  is  therefore  something  which  opposes  the  CD 

pression  different   from   the  simple  impenetrability  of  IIk  I 

air:   there  is  something  that  opposes  mechanical  fbrcfif 

there,  is  something  too  which  produces  motion,  not  eal^  B 

C 
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Effing  compression,  but  pushing  back  the  compressing 
body,  and  communicating  motion  to  it.  As  an  arrow  is 
gradually  accelerated  by  the  bow-string  pressing  it  forward, 
and  at  the  momeut  of  its  discharge  is  brought  to  a  state  of 
rapid  motion ;  so  the  baJI  from  a  pop-gun,  or  wind-gun,  is 
gradually  accelerated  along  tlie  barrel  by  the  pressure  of 
the  ur  during  its  expansion  from  its  compressed  state,  and 
finally  quits  it  with  an  accumulated  velocity.  These  two 
motions  are  indications  perfectly  sinular  of  the  elasticity  of 
ihc  bow  and  of  the  air. 

Thus  it  appears  that  mr  is  heavy  and  elastic.  It  needs 
litlle  consideration  to  convince  us  in  a  vague  manner  that 
it  ia  fluid.  The  ease  with  which  it  is  penetrated,  and  dri- 
ven about  in  every  direction,  and  the  motion  of  it  in  pipes 
and  channels,  however  crooked  and  intricate,  entitle  it  to 
this  character.  But  before  we  can  proceed  to  deduce  con- 
sequences from  its  fluidity,  and  to  olfer  them  as  a  true  ac- 
oonnt  of  what  will  happen  in  these  circumstances,  il  is  ne- 
cessary to  exhibit  some  distinct  and  simple  case,  in  which 
the  characteristic  mechanical  pro|)erty  of  a  fluid  is  clearly 
and  unequivocally  observed  in  il.  That  property  of  fluids 
fhnD  which  all  the  laws  of  hydrostatics  and  hydraulics  are 
derived  with  strictest  evidence  is,  that  any  pressure  applied 
to  any  part  of  them  is  propagated  through  the  whole  mass 
in  every  direction  ;  and  tliat,  in  consequence  of  this  diffusion 
of  pressure,  any  two  external  forces  can  be  put  in  equilibrio 
hj  the  mter{)uBitidn  of  a  fluid,  in  the  same  way  as  they  can 
'hi  put  in  equilibrio  by  the  intervention  of  any  mechanical 
engine. 

I^l  a  close  vessel  ABC  (Fig.  7.),  of  any  form,  have 
two  tipright  pipes  EDC,  GFB,  inserted  into  any  parts  of 
ils  lop,  sides,  or  bottom,  and  let  water  be  poured  into 
Ihem,  so  as  to  stand  in  equilibrio  with  the  horis[:onUil  sur- 
hea  at  E,  D,  G,  F,  and  let  D  f/,  Tf,  be  hori/onlal  lines, 
**  tnll  bejbund  that  tlie  height  of  the  column  Erf,  i» 
ppwttrfy  equal  to  that  of  the  column   G  .      This  l«  a 
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fact  universally  observed  in  whatever  way  the  pipes  are  in- 
serted. 

Now  the  surface  of  the  water  at  D  is  undoubtedly  press- 
ed upwards  with  a  force  equal  to  a  column  of  water,  hat- 
ing its  surface  for  its  base,  and  E  i2  for  its  height ;  it  b 
therefore  prevented  from  rising  by  some  oppoute  iixce. 
This  can  be  nothing  but  the  elasticity  of  the  confined  ur 
pres^ng  it  down.  The  very  same  thing  must  be  said  of 
the  surface  at  F ;  and  thus  there  are  two  external  pres- 
sures at  D  and  F  set  in  equilibrio  by  the  interposition  of 
air.  The  force  exerted  on  the  surface  D,  by  the  pressure 
of  the  column  Ed,  is  therefore  propagated  to  the  su^ 
face  at  F ;  and  thus  air  has  this  characteristic  mark  of 
fluidity. 

In  this  experiment  the  weight  of  the  air  is  insennble 
when  the  vessel  is  of  small  size»  and  has  no  sensible  shaie 
in  the  pressure  reaching  at  D  and  F.  But  if  the  elevation 
of  the  point  F  above  D  is  very  great,  the  column  £  d  viff 
be  observed  sensibly  to  exceed  the  column  GJl  Thus  if 
F  be  70  feet  higher  than  D,  £  cZ  will  be  an  inch  longer 
than  the  column  G/*:  for  in  this  case  there  is  reacting  at 
D,  not  only  the  pressure  propagated  from  F,  but  also  the 
weight  of  a  column  of  air,  having  the  surface  at  D  for  iti 
base  and  70  feet  high.  This  is  equal  to  the  weight  of  a 
column  of  water  one  inch  high. 

It  is  by  this  propagation  of  pressure,  this  JhiidUjf^  that 
the  pellet  is  discharged  from  a  child^s  pop-gun.  It  sticb 
fast  in  the  muzzle ;  and  he  forces  in  another  peUeC  at  tbe 
other  end,  which  he  presses  forward  with  the  rammer,  con- 
densing the  air  between  them,  and  thus  propagating  to  the 
other  pellet  the  pressure  which  he  exerts,  till  the  fiiction  is 
overcome,  and  the  pellet  is  discharged  by  the  air  expand- 
ing and  following  it. 

There  is  a  pretty  philosophical  plaything  which  illus- 
trates this  property  of  air  in  a  very  perspicuous  manner, 
and  which  we  shall  afterwards  have  occasion  to  consider  as 
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1  into  a  most  useful  hydraulic  machine.  This  is 
Ris  usually  called  Hero'a fountain,  having  been  invent- 
tdhy  a  Syracusan  of  that  name.  It  consists  of  two  vcs- 
tek  KLMN  (Fig  8.),  OPQR,  which  are  close  on  all  ades. 
A  tube  AB,  having  a  funnel  a-top,  passes  through  the  up- 
pennost  vessel  without  communicating  with  it,  being  wl- 
tiered  iato  its  top  and  bottom-  It  also  passes  through  tlie 
top  of  the  under-vessel,  where  it  ia  also  soldered,  and 
readied  almost  to  ita  bottom.  This  tube  is  open  at  both 
ends.  There  is  another  open  lube  ST,  which  is  soldered 
faltothc  top  of  tlie  under-vesscl  and  the  bottom  of  tlie  up- 
per-vessel, and  reaches  almost  to  its  top.  These  two  tubes 
Bcrre  also  lo  support  the  uppr- vessel.  A  third  tube  GF  is 
Boldered  mto  ttic  top  of  the  upper  vessel,  and  reaches  almost 
toita  bottom.  Tliis  tube  is  open  at  both  ends,  but  the  orifice 
G  is  very  small.  Now  suppose  the  uppennost  vessel  filled 
with  water  to  the  height  EN,  Ee  being  its  surface  a  little 
below  T.  Stop  the  orifice  G  with  the  finger,  and  pour  in 
mter  at  A-  This  vrill  descend  through  AB,  and  compress 
the  air  in  OQRP  into  less  room.  Suppose  the  water  in 
the  under  vessel  to  have  acquired  the  surface  C  c,  the  air 
wliicli  formerly  occupied  the  whole  of  the  spaces  OPQR 
md  KLe£  will  now  be  contained  in  the  spaces  oPoC 
•ad  KL  c  E ;  and  its  elasticity  will  be  in  equilibrio  witli  the 
imght  of  the  column  of  water,  whose  base  is  the  surface 
E  e,  and  whose  height  is  A  c.  As  this  pressure  is  exerted 
in  every  part  of  tlie  air,  it  will  be  exerted  on  the  stirface 
!E«  of  the  water  of  the  upper  vessel ;  and  if  the  pipe  FG 
Were  continued  upwards,  the  water  would  be  supported  in 
it  to  an  height  e  H  above  E  e,  equal  to  A  c.  Therefore  if 
tlw  finger  be  now  taken  from  off  the  orifice  G,  the  water 
will  spuut  up  to  the  same  height  as  if  it  had  been  immedi- 
Bt^y  (breed  out  by  a  column  of  water  A  c  without  tlic  in- 
tervention of  the  air,  that  is,  nearly  to  H.  If  instead  of 
'the  fiinnel  at  A,  the  vessel  have  a  brim  which  will  cause 
!the  water  diachargcd  at  G  to  run  down  tlic  pipe  AB,  thia 
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rountain  will  play  till  all  the  water  in  the  upper 
expended.  The  operaUon  of  this  second  fountaia  ihll  k 
better  understood  from  Fig.  9.  which  an  inteltigeat  icida 
will  Bee  is  perfectly  equivalent  to  Fig,  8.  A  veiy 
ful  engine  for  raising  water  upon  this  principle  baa  lof 
been  employed  in  tlie  Hungarian  mines;  where  the 
AB  is  about  200  feet  high,  and  the  ppe  FG  about  laUi 
and  the  condensaUon  is  made  in  the  upper  vessel,  and< 
muuicatcd  to  the  lower,  at  the  bottom  of  the  mine,  by 
long  pipe. 

We  may  now  apply  to  air  all  the  laws  of  hydnnUlitf 
and  hydraulics,  in  perfect  conBdcnce  that  their  lcgitiiiiil| 
consequences  will  be  observed  in  all  its  Mtuationc 
shall  in  future  substitute,  in  place  of  any  force  tOJag  «) 
surface  of  air,  a  column  of  water,  mercury,  or  any 
fluid  whose  weight  h  equal  to  this  force :  aud  as  we 
distinctly  from  theory  what  will  be  the 
this  hydrostatic  pressure,  we  shall  deternune  i 
phenomena  in  air;  and  in  cases  where  the 
not  enable  us  to  say  with  preciaon  what  is 
this  pressure,  experience  informs  us  in  the 
and  analogy  enables  us  to  transfer  this  to  air. 
find  this  of  great  service  in  some  cases,  which 
are  almost  desperate  in  the  jveseot  state  of  our 
ledge. 

From  such  familiar  and  simple  observations  and 
menls,  tlie  fluidity,  the  heaviness,  and  elastidty,  arc  diio 
vcred  of  the  substance  with  which  we  are  surrounded,  ai 
which  we  call  air.  But  to  understand  these  propertics,ai 
completely  to  explain  their  numerous  and  iuiiwrlanl 
quences,  we  must  call  in  the  aid  of  more  refined  obscnn 
tions  and  experiments  which  even  this  scanty  knowledge 
them  enablesus  to  make  ;  we  must  contrive  some  mcOta 
of  producing  with  precision  any  degree  of  condensation  ( 
rarefaction,  of  employing  or  excluding  the  gravitating  pre 
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md  of  modifying  at  pleoaure  tl 
ila  mechanical  properties. 

Nothiug  can  be  more  obvious  than  a  method  of  com- 
presang  a  quantity  of  air  to  any  degree.  Take  a  cylinder 
or  prismatic  tube  AB  (Fig.  10.)  shut  at  one  end,  and  fit 
it  with  a  piston  or  plug  C,  so  nicely  that  no  air  can  pass  by 
its  sides.  Tills  will  be  best  done  in  a  cylindric  tube  by  » 
turaed  stopper,  covered  n-ith  oiled  leather,  and  fitted  with 
a  long  handle  CD.  When  this  is  tlirust  down,  the  air 
which  formerly  occupied  the  whole  capacity  of  the  tube  ia 
amdenstd  into  less  room.  The  force  necessary  to  produce 
any  degree  of  compression  may  be  concluded  from  the 
WMght  necessary  for  pushing  down  the  plug  to  any  depth. 
Bot  this  instrument  leaves  us  little  opportunity  of  making 
interesling  experiments  on  or  in  this  condensed  air ;  and 
(be  force  retjuired  to  make  any  degree  of  compression  can- 
not be  measured  with  much  accuracy  ;  because  the  piston 
fflu&t  be  very  close,  and  have  great  friction,  in  order  to  be 
ntfficiently  tight :  and  aa  the  compression  is  increased, 
the  leather  is  more  squeezed  to  the  side  of  the  tube ;  and 
the  proportion  of  the  external  force,  which  is  employed 
merely  to  overcome  this  variable  and  uncertain  friction,  can- 
not be  ttsccrtiuned  with  any  tolerable  predion.  I'o  get  rid 
<£  these  imperfections,  the  following  addition  luay  be  made 
to  the  instrument,  which  then  becomes  what  is  called  the 
amdenaing  gyringe. 

The  end  of  the  syringe  is  perforated  with  a  very  small 
hole  ej";  and  being  externally  turned  to  a  small  cylinder, 
a  DUTOW  slip  of  bladder,  or  of  thin  leather,  soaked  in  a 
mixture  of  oil  and  tallow,  must  be  tied  over  the  hole. 
Now  let  Its  suppose  the  piston  pushed  down  to  tlie  bottom 
of  the  barrel  to  winch  it  applies  close ;  when  it  is  drawn 
tip  tu  the  top,  it  leaves  a  void  behind,  and  the  weight  of 
the  external  air  presses  on  the  shp  of  bladder,  which  therc- 
wre  claps  close  to  the  brass,  and  tlius  performs  the  part 
of  B  valve,  and  keeps  it  close,  so  that  oo  air  can  enter. 
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But  the  [Hston  having  reached  the  top  of  the  barrd^  a  hok 
F  in  the  side  of  it  is  just  below  the  pston,  and  the  air 
rushes  through  this  hole  and  fills  the  barreL  Now  push 
the  pbton  down  again,  it  immediately  passes  the  hok 
F,  and  no  air  escapes  throu^  it;  it  therefore  forces  open 
the  valve  at^  and  escapes  while  the  jnston  moves  to  the 
bottom. 

Now  let  E  be  any  vessel,  such  as  a  glass  bottle,  baviif 
its  mouth  furnished  with  a  brass  cap  firmly  cemented  to  it, 
having  a  hollow  screw  which  fits  a  solid  screw po,  turned 
on  the  cylindric  nozzle  of  the  syringe.  Screw  the  syringe 
into  this  cap,  and  it  is  evident  that  the  air  forced  out  of  the 
syringe  will  be  accumulated  in  this  vessel :  for  upon  drav- 
ing  up  the  piston  the  valvey always  shuts  by  the  elastickf 
or  expanding  force  of  the  air  in  E  ;  and  on  pushing  it  down 
again,  the  valve  will  open  as  soon  as  the  piston  has  got  so 
fiu:  down  that  the  bit  in  the  lower  part  of  the  barrel  is  moie 
powerful  than  the  air  already  in  the  vessel.  Thus  at  every 
stroke  an  additional  barrelf  ul  of  air  will  be  forced  into  the 
vessel  E ;  and  it  will  be  found,  that  after  every  stroke  the 
piston  must  be  farther  pushed  down  before  the  valve  will 
open.  It  cannot  open  till  the  pressure  arising  from  the 
elasticity  of  the  air  condensed  in  the  barrel  is  superior  to 
the  elasticity  of  the  air  condensed  in  the  vessel ;  that  i^ 
till  the  condensation  of  the  first,  or  its  density,  is  samewhai 
greater  than  that  of  the  last,  in  order  to  overcome  die 
straining  of  the  valve  on  the  hole  and  the  sticking  occasEon- 
ed  by  the  clammy  matter  employed  to  make  it  air-tight. 

Sometimes  the  syringe  is  constructed  with  a  valve  in  the 
jMston.  This  piston,  instead  of  being  of  one  fuece  and  so- 
lid, consists  of  two  pieces  perforated.  The  upper  part 
iknm  is  connected  with  the  rod  or  handle,  and  has  iH 
lower  part  turned  down  to  a  small  cylinder,  which  is  flcrew- 
ed  into  the  lower  part  klon;  and  has  a  perforation ^A 
going  up  in  the  axis,  and  terminating  in  a  hole  A  in  one  side 
of  the  rod,  a  piece  of  oiled  leather  u  strained  acroee  the 
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g.     When  ihe  piston  is  drawn  up  and  a  void  left  be- 
lt, ihe  weight  of  ihe  external  lur  forces  it  through  ibv 
bole  A  g,  opens  the  valve  g,  and  tills  the  barrel .     Then, 
OD  pushing  down  tlie  piston,  the  air  being  squeezed  into 
room,  presses  on  the  valve  g,  shuts  it ;  and  none  e»4 
through  the  piston,  it  is  gradually  ocoidenscd  as  the 
.descends  till  it  opens  Uie  valve  ^  and  is  added  to    ' 
\y  accumulated  in  the  vessel  £. 
Having  in  this  manner  forced  a  tjuantity  of  air  into  the 
TCtsel  E,  we  ran  make  many  experiments  in  it  in  this  state    ' 
ofeondfnsation.     We  are  chiefly  concerned  at  present  with 
the  effect  which  this  produces  on  its  elasticity.     We  ^ce 
this  to  be  greatly  increased ;  for  we  find  more  and  more 
icncc  required  for  introducing  every  successful  barrelful. 
When  the  syringe  is  unscrewed,  we  sec  the  air  rush  out  -, 
with  great  violence,  and  every  indication  of  great  expand- 
ing force.     If  tile  syringe  be  connected  witli  the  vessel  fi 
in  the  same  manner  as  the  syringe  in  No  17,  viz.  by  inter*  J 
poHDg  a  stop-cock  B  between  them  (sec  Fig.  3.),  and  if  | 
this  stop-cock  have  a  pipe  at  its  extremity,  reaching  neuT'  J 
to  the  bottom  of  the  vessel,  which  is  previously  half  filled  J 
with  water,  we  can  observe  distinctly  when  the  elaslidty  a^-\ 
the  air  in  the  syringe  exceeds  that  of  the  air  in  the  receivers  ] 
tvft  the  piston  must  be  pushed  down  a  certwn  length  belbra 
the  air  from  the  syringe  bubbles  up  through  the  water,  and 
tbo  [Hston  must  be  further  down  at  each  successive  stroke 
b^re  this  appearance  is  observed.     When  the  air  has  thus 
been  accumulated  in  the  receiver,  it  presses  the  udes  of  it 
outward,  and  will  burst  it  if  not  strong  enough.     It  also 
presses  on  the  surface  of  the  water ;  and  if  we  now  shut  thff 
sock,  unscrew  die  syringe,  and  open  the  cock  agiun,  thv  J 
air  will  tbrce  tlie  water  through  the  pipe  willi  great  veL 
city,  causing  it  to  rise  in  a  beautiful  jet     ^Vhen  a  metalkl  I 
receiver  is  used,  tlie  condensation  may  be  pushed  lo  a  grcob  1 
length,  and  the  jet  will  tlicn  rise  to  a  great  height ;  which'  \ 
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gr&duall;  diminishes  as  the  wsler  is  cxpencM  ■ 
given  to  the  air  to  expand  itseir.     See  the  figure. 

We  judge  of  the  condonsalion  of  air  in  thcvewlEUl 
the  number  of  strokes  and  the  proportion  of  the  oqat^a 
the  syringe  to  that  of  the  vessel.  Suppose  the  lint  lay 
one-tenth  of  the  last ;  then  ve  know,  that  after  ID  t 
tlie  quantity  of  air  in  the  vessel  is  doubled,  and  tl 
its  density  double,  and  so  on  after  any  number  of  ib 
Let  the  capacity  of  tlie  syringe  (when  the  piston '»  di 
to  the  top)  be  a,  and  that  of  the  vessel  be  b,  and  tbtntm- 
ber  of  strokes  be  n,  the  density  of  the  air  in  tlie  vead  «1 

But  this  is  on  tlie  supposition  that  tlic  piston  oocurauJi 
fills  the  barrel,  the  bottom  of  the  one  applying  c\otc  loiks 
of  the  other,  and  that  no  force  is  nctressaiy  for  openbg 
either  of  the  valves :  but  the  first  cannot  be  ensured,  ml 
the  last  is  very  far  from  being  true.  In  the  conUrnecioD 
now  described,  it  will  require  at  least  one-twenlictli  put  of 
the  ordinary  pressure  of  the  air  to  open  the  piitfoo  tilre: 
therefore  the  air  which  gets  in  will  want  at  least  tliii  [nv 
portion  of  its  compleie  elastieity  ;  and  there  is  alwati •  n- 
milar  port  of  the  elasticity  employed  in  opening  the  nonlt^ 
valve.  The  condensation  tiierefore  is  never  neari^oiual 
to  wliat  is  here  determined. 

It  is  accurately  enough  measured  by  a  gage  fitted  loihe 
instrument  A  glass  tube  GH  of  a  cybndric  bon:,  mi 
close  at  the  end,  is  screwed  into  the  side  of  the  cap  on  ibf 
mouth  of  the  vessel  E.  A  small  drop  of  water  or  mcreuf) 
is  taken  into  this  lube  by  warming  it  a  little  in  iJie  hwi, 
which  expands  the  contained  air,  so  lliat  when  tlte  upa 
end  is  dipped  into  water,  and  the  whole  allowed  to  od, 
the  water  advances  a  little  bto  the  tube.  The  tube  ia  fi* 
nished  with  a  scale  ^ivided  into  small  equal  pari:!,  min- 
bercd  from  the  close  end  of  the  tube.  Since  this  tube  con- 
mimicates  with  the  vessel,  it  is  evident  that  the  conloui- 
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force  the  water  along  tlic  tube,  acting  like  a  pis* 
ton  on  t]ie  air  beyond  it)  and  the  mr  in  lUe  tube  and  vessel 
will  alwavs  he  of  one  density.  Suppose  the  number  at 
wtucb  the  drop  stands  before  the  condensation  is  made  to 
be  c,  atid  that  it  stands  at  d  when  the  condensation  has  at- 
tained the  degree  required,  the  density  of  tlie  air  in  the  re> 
mote  end  of  the  gage,  and  consequently  in  the  vessel,  will 


Sometimes  there  is  used  any  bit  of  tube  close  at  one  end, 
having  a  drop  of  water  in  it,  simply  laid  into  the  vessel  E, 
and  furnished  or  not  with  a  scale :  but  this  can  only  be 
used  with  glass  vessels,  and  these  arc  too  weak  to  resist  the  , 
pressure  arising  from  great  condensation.  In  such  experi- 
ments metalline  vessels  are  used,  fitted  with  a  variety  of 
Apparatus  for  different  experiments.  Some  of  these  will  be 
occaaonally  mentioned  afterwards. 

It  roust  be  observed  in  this  place,  that  very  great  con- 
densations require  great  force,  and  therefore  small  syringes. 
It  is  therefore  convenient  to  have  them  of  various  sizes,  and 
to  b^n  with  those  of  a  larger  diameter,  which  operate' 
tnore  quickly;  and  when  the  condensation  betimes  fa>  ' 
liguing,  to  change  the  syringe  for  a  timaller. 

For  this  reason,  and  in  general  to  make  the  condensing 
apparatus  more  convenient,  it  is  proper  to  have  a  Btop-cock  | 
interposed  between  the  syringe  and  tlie  vetisel,  or,  as  it  h 
Uluolly  called,  the  receiver.  This  consists  of  a  brass  pipe*  | 
ii^ich  has  a  wcU-ground  cock  in  its  middle,  and  has  a  hoi-  H 
low  screw  at  one  end,  which  receives  the  nozele  screw  of  1 
the  syring,  and  a  solid  screw  at  the  other  end,  which  fiW  ^ 
the  screw  of  the  receiver.     See  Fig.  3. 

By  these  gages,  or  contrivances  similar  to  them,  we  havi 
been  able  to  astcrtain  very  great  degrees  of  con(Iensntintf4 
in  llie  oouree  of  some  experiments.     Dr  Hales  (bund  thatf  ^ 
wben  Ary  wood  was  put  inlo  a  strong  vessel,  which  it  ^4 
OKMt  filled,  and  the  remainder  was  filled  with  water,  thtfl 
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swelling  of  the  wood,  occa^oned  by  its  imbibation  of  waler, 
condensed  the  air  of  his  gage  into  the  thousandth  of  its  oii- 
^nal  bulk.  He  found  that  pease  treated  in  the  same  nmi- 
ner  generated  elastic  air,  which  pressing  on  the  air  in  the 
gage  condensed  it  into  the  fifteen  hundredth  part  of  its 
bulk.  This  is  the  greatest  condensation  that  has  been  as- 
certained with  precision,  although  in  other  experimennit 
has  certainly  been  carried  much  farther ;  but  the  predie 
degree  could  not  be  ascertained. 

The  only  use  to  be  made  of  this  observation  at  pwacnt 
is,  that  since  we  have  been  able  to  exhibit  air  in  a  denai^ 
a  thousand  times  greater  than  the  ordinary  denri^  of  the 
air  we  breathe,  it  cannot,  as  scxne  imagine,  be  only  a  S£* 
ferent  form  of  water ;  for  in  this  state  it  is  as  dense  or  den- 
ser than  water,  and  yet  retains  its  great  expansibility. 

Another  important  observation  b,  that  in  eveiy  state  of 
density  in  which  we  find  it,  it  ret^ns  its  perfect  fluidity, 
transmitting  all  pressures  which  are  applied  to  it  widi  nn- 
diminished  force,  as  appears  by  the  equality  constantly  ob- 
served between  the  opposing  columns  of  water  or  other 
fluid  by  which  it  is  compressed,  and  by  the  fadlity  widi 
which  all  motions  are  performed  in  it  in  the  most  eompnsss* 
ed  states  in  which  we  can  make  observations  of  this  kind. 
This  fact  is  totally  incompatible  with  the  opinion  of  those 
who  ascribe  the  elasticity  of  lur  to  the  springy  ramified 
structure  of  its  particles,  touching  each  other  like  so  many 
pieces  of  sponge  or  foot^balls.  A  collection  of  such  parti- 
cles might  indeed  be  pervaded  by  solid  bodies  with  conn- 
derable  ease,  if  they  were  merely  touching  each  other,  and 
not  subjected  to  any  external  pressure.  But  the  moment 
such  pressure  is  exerted,  and  the  assemblage  squeessed  into 
a  smaller  space,  each  pressure  on  its  adjoining  particles: 
they  are  individually  compressed,  flattened  in  th^  toudi* 
ing  surfaces,  and  before  the  denrity  is  doubled  they  are 
squeeze  into  the  form  of  perfect  cubes,  and  composed 
mass,  which  may  indeed  popagate  pressure  from  one  plice 
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touother  in  aa  imperfect  manner,  and  witli  great  diminu-  J 
lion  of  its  inteniaty,  but  will  no  more  be  fluid  than  a  mass  I 
oTsoft  clay.  It  will  be  of  use  to  keep  this  observation  ia  m 
miind.  J 

We  have  seen  that  air  is  heavy  nnd  compressible,  and'   m 
nigfat  DOW  proceed  to  deduce  in  order  the  explanation  of  I 
the  appearances  consequent  on  each  of  these  properties.    ■ 
But,  as  has  been  already  observed,  the  elasticity  of  air  mo-:   I 
difies  the  effects  of  its  gravity  so  remarkably,  that  they 
would  he  Imperfectly  understood  if  both  qualities  were  not 
oooibioed  in  our  consideration  of  eitfier.     At  any  rate,  some 
fartber  consequences  of  its  elasticity  must  be  considered,    J 
bsfbrc  ve  understand  the  means  of  varying  at  pleasure  thff   I 
effects  of  its  gravity.  '   ■ 

Since  air  is  heavy,  the  lower  strata  of  a  mass  of  lur  must  I 
support  tlie  upper;  and,  being  compressible,  they  must  bet  I 
condensed  by  their  weight.     In  this  state  of  compression   1 
the  elasticity  of  the  lower  strata  of  air  acts  in  opposition  la 
the  weight  of  die  incumbent  air,  and  balances  it.     There  is 
no  reason  which  should  make  us  suppose  that  its  expand-     . 
ing  force  belongs  to  it  only   when  in  such  a  state  of  com-"  ■ 
preasioD.     It  is  more  probable,  that,  if  we  could  freeit>  I 
fjiKn  this  pressure,  the  air  would  expand  itself  into  still 
gterter  bulk.     This  is  most  distinctly  seen  in  the  following 
experiment : 

Into  the  cylindric  jar  ABCD  (Fig.  11.),  which  has  a  1 
small  liolc  in  its  bottom,  and  is  furnished  with  an  air-tight^ 
{nston  E,  put  a  small  flaccid  bladder,  having  its  niouthi  ■ 
tied  tight  with  a  string.  Hoving  pushed  the  piston-  I 
twar  tn  the  bottom,  and  noticed  the  state  of  tlie  bladder^:  I 
Slop  up  the  hole  in  the  bottom  of  the  jar  with  the  finger^t  1 
and  Hraw  up  the  piston,  which  will  require  a  considerabtail 
force.  V'ou  will  observe  the  bladder  swell  out,  as  if  air*J 
had  been  blown  into  it ;  and  it  will  again  collapse  on  alloV->iJ 
log  the  ptnton  to  descend.  Nothing  can  lie  more  une^i^fl 
oiyljonable  ihan  the  voncIuMion  from  this  cx{)crimeut,  that  I 
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ordinary  air  is  in  a  state  of  compression,  and  that  its  daad- 
dty  b  not  limited  to  this  state.  The  bladder  being  flaccid, 
shows  that  the  included  ur  is  in  the  same  state  with  the  lir 
which  surrounds  it;  and  the  same  must  be  affirmed  of  it 
while  it  swells  but  still  remains  flacdd.  We  must  cxmclude 
that  the  whole  sir  within  the  vessel  expands,  and  continiui 
to  fill  ity  when  its  capadty  has  been  enlarged.  And  mnot 
this  is  observed  to  go  on  as  long  as  we  give  it  more  roaakf 
we  conclude,  that  by  such  experiments  we  have  not  yd 
^ven  it  so  much  room  as  it  can  occupy. 

It  was  a  natural  object  of  curiosity  to  discover  the  GmilB 
of  this  expansdon ;  to  know  what  was  the  natural  unooo- 
strained  bulk  of  a  quantity  of  air,  beyond  whidi  it  would 
not  expand  though  all  external  compressing  force  were  n* 
moved.  Accordingly  philosophers  constructed  instrumenti 
for  rarefying  the  ur.  The  common  water-pump  had  beat 
long  familiar,  and  appeared  very  proper  for  this  purpcMb 
The  most  obvious  is  the  following : 

Let  the  barrel  of  the  syringe  AB  (Fig.  13.)  communicate 
with  the  vessel  V,  with  a  stop-cock  C  between  them.  Let 
it  communicate  with  the  external  air  by  another  orifice  1), 
in  any  convenient  situation,  also  furnished  with  a  stop-cock. 
Let  this  syringe  have  a  piston  very  accurately  fitted  to  &, 
so  as  to  touch  the  bottom  all  over  when  pushed  down,  and 
have  no  vacancy  about  the  sides. 

Now  suppose  the  piston  at  the  bottom,  the  cock  C  open, 
and  the  cock  D  shut,  draw  the  piston  to  the  top.  The  air 
which  filled  the  vessel  V  will  expand  so  as  to  fill  both  that 
vessel  and  tlie  barrel  AB  ;  and  as  no  reason  can  be  ^ven 
to  the  contrary,  we  must  suppose  that  the  air  will  be  uni- 
formly diffused  through  both.  Calling  V  and  B  the  cap** 
.city  of  the  vessel  and  barrel,  it  is  plain  that  the  bulk  of  the 
air  will  now  be  V  +  B  ;  and  since  the  quantity  of  matttf 
remains  the  same,  and  the  density  of  a  fluid  is  as  its  quan- 
tity of  matter  directly  and  its  bulk  inversely,  the  density  of 
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V 

le  expanded  air  will  be  y      w,  the  density  of  common 

r  bebg  1 :  for  V  +  B  :  V  =  1 :  y-Jg- 

The  piston  requires  force  to  raise  it,,  and  it  is  raised  in 
iponUm  to  the  pressure  of  the  incumbent  atmosphere ; 
r  thb  had  formerly  been  balanced  by  the  elasticity  of  the 
mmon  air :  and  we  conclude  from  the  fact^  thatjbrce  is 
qtmtd  to  raise  the  piston^  that  the  elasticity  of  the  ex- 
inded  air  is  less  than  that  of  air  in  its  (ordinary  state ;  and 
L  Accurate  observation  of  the  force  necessary  to  raise  it 
mid  show  how  much  the  elasticity  is  diminished.  When 
erefbre  the  piston  is  let  go,  it  will  descend  as  long  as  the 
eewre  of  the  atmosphere  exceeds  the  elasticity  of  the  air 
the  barrel ;  that  is,  till  the  mr  in  the  barrel  is  in  a  state 
londinary  density.  To  put  it  further  down  will  require 
i!ei^  because  the  air  must  be  compressed  in  the  barrel; 
kt  if  wis  now  open  the  cock  D,  the  air  will  be  expelled 
KNigh  ity  and  the  pston  will  reach  the  bottom. 
Ndw  shut  the  discharging  cock  D,  and  open  the  cock 
»  ind  draw  up  the  pbton.     The  air  which  occujued  the 

V 

V,  with  the  density  ^      ^,  will  now  occupy  the 

y  +  B,  if  it  expands  so  far.      To  have  its  den- 
ty  Dy  say,  As  its  present  bulk  V  +  B  is  to  its  former 

alk  y,  so  is  its  former  density  y      p  to  its  new  den- 

Vx  V 

ty;   which   will  therefore  be  —         -   »  or 

V  +  B  X  V  +  B> 


It  ia  evident^  that  if  the  air  continues  to  expand,  the 
eas^  tf  the  air  in  the  vessel  after  the  third  drawing  up 

^  the  piston  will  be  ^^ ^L  after  the  fourth  it  will  be 
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^ — ^ ,  and  after  any  number  of  strokes  n  will  be  ^ — ^ 

Thus,  if  the  vessel  is  four  times  as  large  as  the  barrel^  the 
dennty  after  the  fifth  stroke  will  be  HSIy  nearly  |  of  its 
ordinary  density. 

On  the  other  hand,  the  number  n  of  strokes  neccasaiyftr 

reducing  wr  to  the  denaty  D  is  j^og  y  — I^(V  +  hV 

Thus  we  see  that  this  instrument  can  never  abstract  die 
whole  air  in  consequence  of  its  expansion,  but  only  raicfy 
it  continually  as  long  as  it  continues  to  expand  ;  nay,  there 
is  a  limit  beyond  which  the  rarefaction  cannot  go.  When 
the  piston  has  reached  the  bottom,  there  remains  a  small  qaiee 
between  it  and  the  cock  C  fiUed  with  common  air.  When 
the  piston  is  drawn  up,  this  small  quantity  of  air  expandi^ 
and  also  a  similar  quantity  in  the  neck  of  the  other  oock; 
and  no  air  will  come  out  of  the  recover  V  till  the  air  expand- 
ed in  the  barrel  is  of  a  smaller  density  than  the  air  in  the 
receiver.  This  circumstance  evidently  directs  us  to  make 
these  two  spaces  as  small  as  possible,  or  by  some  contrive 
ance  to  fill  tliem  up  altogether.  Perhaps  this  may  be  done 
effectually  in  the  following  manner : 

Let  BE  (Fig.  IS.)  represent  the  bottom  of  the  band, 
and  let  the  circle  HKI  be  the  section  of  the  key  of  the 
cock,  of  a  large  diameter,  and  place^t  as  near  to  the  barrel 
as  can  be.  Let  this  communicate  with  the  barrel  by  memft 
of  an  hole  FG  widening  upwards,  as  the  frustum  of  s 
hollow  obtuse  cone.  Let  the  bottom  of  the  piston  bfhgi 
be  shaped  so  as  to  fit  the  bottom  of  the  banel  and  dui 
hole  exactly.  Let  the  cock  be  pierced  with  two  hok& 
One  of  them,  HI,  passes  perpendicularly  through  its  izi^ 
and  forms  the  communication  between  the  reoeiTer  tfd 
barrel.  The  other  hole,  KL,  has  one  extremity  K  on  Ae 
same  circumference  with  H,  so  that  when  the  key  is  turn- 
ed a  fourth  part  round,  K  will  come  into  the  place  of  H? 
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[  this  hole  Is  pierced  obliquely  into  the  key,  and  thus 

)ueps  clear  of  the  hole  HI.     It  goes  no  further  than  the 

ixis,  where  it  communicates  with  a  hole  bored  along  the 

■xis  snd  tenninatjog  at  its  extremity.     Thia  hole  forms  the 

■oounurucatioa  with  the  external  air,  tuid  serves  for  dift> 

riwrgv>g  the  ^r  in  the  harrel.     (A  side  view  of  the  key  is 

in  Fig.  14.)     Fig.  12.  shows  the  position  of  the  cock 

vlule  the  piston  is  moving  upwards,  and  Fig.  14.  shows  its 

m  while  the  piston  is  moving  downwards.     When 

piston   has    reached   tlie   bottom,    the  conical   piece  * 

^h^  of  the  piston,  which  may  be  of  firm  leather,  fills 

he  hole  FHG,  and  therefore  completely  expels  the  eir 

roca  the  barret.     The  canal  KL I  of  the  cock  contains  tat 

die  eonim(»i  density ;  but  this  is  turned  aside  into  the 

KL  (Fig.  13.),  while  tlie  piston  is  still  touching 

1  eock.     It  cannot  expand  into  the  barrel  during  the  as- 

it  oif'the  piston.     In  place  of  it,  the  perforation  HLI 

nes  under  the  piston,  filled  with  air  that  had  been  turned 

dt  with  it  when  the  piston  was  at  the  top  of  the  barrel, 

md  therefore  of  the  same  density  with  the  air  of  the  n- 

It  appears,  therefore, ''that  there  is  no  limit  to  the 

■re&ction  as  long  as  the  air  will  expand. 

This  instrument   is  called   an  ExHAiisTiNG   Syriiioe. 

ifl  more  generally  made  in  another  form,  which  is  much 

■  expensive,  and  more  convenient  in  its  use.     Instead  of 

iDg  furnished  with  cocks  fur  establishing  the  communi- 

and  shutting  them,  as  is  necessary,  it  has  vaivet      ' 

ilea  those  of  the  condcnung  syringe,  but  opening  in  the 

fxwte  direction.     It  is  thus  made: 

The  pipe  of  communication  or  conduit  MN  (Fig.  15.), 

«  «  male  screw  in  iu  extremity,  and  over  lliis  is  tied  a 

£p  of  hhtdder  or  leather  M.     The  lower  half  of  the  piston 

slso  a  male  screw  on  it,  covered  at  the  end  with  a  slip 

t  bladder  O.     This  is  screvred  into  the  upper  half  of  the 

lialDii,  which  is  pierced  with  a  hole  H  coming  out  of  the 

"ijtftfaerod. 
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Now  suppose  the  syringe  screwed  to  the  amdiMtiig 

pipe,  and  that  screwed  into  the  receiver  V  tmd  the  piflbm 

at  the  bottom  of  the  barrel.    When  the  piston  is  dim 

upy  the  pressure  of  the  external  air  shuts  the  ralve  0»  asd 

a  void  is  left  below  the  piston :  there  is  therefore  no  pn^ 

sure  on  the  upper  nde  of  the  valve  M,  to  faalanee  the 

elasticity  of  the  ur  in  the  recdver  which  formerly  bahncBi 

the  weight  of  the  atmosphere.    The  air,  therefore,  ia  ik 

receiver  lifts  this  valve,  and  distributes  itself  between  the 

vessel  and  the  barrel ;  so  that  when  the  pistcn  has  leadMi 

the  top,  the  density  of  the  ur  in  both  receiver  and  band 

V 
is  as  before  ,,  ,  p' 

When  the  piston  is  let  go  it  descends,  because  the  daiti- 
city  of  the  expanded  air  is  not  a  balance  for  the  ptcsnttt 
of  the  atmosphere^  wMch  therefore  presses  down  the  pisloi 
with  the  difference,  keeping  the  piston-valve  shut  all  die 
while.  At  the  same  time  the  valve  M  also  shats:  ftr  it 
was  opened  by  the  prevailing  elasticity  of  the  dr  in  the 
receiver,  and  while  it  is  open,  the  two  airs  have  equaldcn- 
sity  and  elasticity ;  but  the  moment  the  piston  deseendiy 
the  capacity  of  the  barrel  is  diminished,  the  elasticity  of  iti 
air  increases  by  coUapring,  and  now  prevaiUng  over  that  of 
the  air  in  the  receiver,  shuts  the  valve  M. 

When  it  has  arrived  at  such  a  part  of  the  barrd  tint 
the  air  in  it  is  of  the  density  of  the  external  air,  there  is  bo 
force  to  push  it  farther  down;  the  hand  must  thcRfae 
press  it.  This  attempts  to  condense  the  air  in  the  faaiiA 
and  therefore  increases  its  elasticity ;  so  that  it  Ufts  the 
valve  O  and  escapes,  and  the  piston  gets  to  the  boCfiom. 
When  drawn  up  again,  greater  force  is  required  than  th^ 
last  time,  because  the  dasUcity  of  the  included  air  is  kv 
than  in  the  former  stroke.  The  piston  rises  further  befa* 
the  valve  M  is  lifted  up,  and  when  it  has  reached  the  iof 

of  the  barrd  the  density  of  the  included  air  ia  ^      <^r 
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,  when  let  go,  wiU  descend  further  than  it  did 
reetethe  pkton-valve  open,  and  Die  pressure  of  the 
I  will  again  push  it  to  tlie  bottom,  all  the  air  escaping 
ugh  O.  The  rarefaction  will  go  on  at  every  successive 
EC  in  the  same  manner  as  with  the  other  syringe, 
his  syringe  is  evidently  more  easy  in  its  use,  requiring 
Ltendance  to  the  cocks  to  open  and  shut  them  at  the 
er  dmeg.  On  tliis  account  this  construction  of  an  ex- 
ling  fringe  is  much  more  generally  used. 
IV  it  is  greatly  inferior  to  the  syringe  with  cocks  with 
!ct  to  its  power  of  rarefaction.  Its  operation  IS  grently 
ed.  It  is  evident  that  no  air  will  come  out  of  tlie  re- 
r  unless  its  elasticity  exceed  that  of  the  air  in  the  barrel 

difference  ub!e  to  lift  up  the  valve  M.     A  piece  of 

lenther  tied  across  this  hole  con  hardly  be  made  tight 
certain  of  clapping  to  the  hole  without  some  small 
ling,  which  must  therefore  be  overcame.     It  must  be 

gentle  indeed  not  to  require  a  force  equal  to  the 
ht  of  two  inches  of  water,  and  this  is  equal  to  about 
KKHh  part  of  the  whole  elasticity  of  the  ordinary  air; 
iherefore  this  syringe,  for  this  reason  alone,  cannot 
y  air  above  SOO  times,  even  tliough  air  were  capable 
1  indeliniie  expanaon.  In  like  manner  the  valve  O 
at  be  raised  without  a  similar  prevalence  of  tlie  elasti- 
I>f  the  air  in  the  barret  above  the  weight  of  the  atmo- 
re.  These  causes  united,  make  it  difficult  to  rarefy 
ir  more  than  100  times,  and  very  few  such  Gyriuges 
nrefy  it  more  than  50  times;  whereas  the  syringe 

flockst  when  new  and  io  good  order,  will  rarefy  it 


It,  on  the  other  hand,  syringes  with  cocks  are  much 
^^en«ve,  especially  when  furnished  with  apparatus 
pening  and  shutting  the  cocks.  They  are  more  dilli- 
lo  nuke  equally  tight,  and  (which  is  the  greatest  ob- 
o)  do  not  reiQiun  long  in  good  order.  The  eoeka, 
••Jnquently  opening  and  shutting,  grow  loose,  and 
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allow  the  air  to  escape.  No  method  has  been  brndd 
preventing  this.  They  must  be  ground  tight  by 
emery  or  other  cutting  powders.  Some  of  these 
ably  stick  in  the  metal,  and  eondnue  to  wear 
For  this  reason  philosophers,  ond  the  maJcers  of  pUs 
phical  instruments,  have  turned  their  chief  attentiao  toAi 
improvement  of  the  syringe  with  valves.  We  bat  bnt 
thus  minute  in  the  account  of  the  operation  of  tac&dii^ 
that  tlie  reader  may  better  understand  the  Talue  of 
improvements,  and  in  general  the  operation  of  the  { 
pal  pneumatic  en^nes. 

Ati  Ajr-Pchp  is  nothing  but  an  exhaustiag 
accommodated  to  a  variety  of  experiments.  If 
invented  by  Otto  Guericke,  a  gentleman  of  Mi 
in  Germany,  about  the  year  1664,  We  trust  ihitiii 
not  be  unacceptable  to  our  readers  to  see  this  intruoa 
which  now  makes  a  principal  article  in  a  philosufiac^  i 
paratus,  in  its  first  form,  and  to  trace  it  through  ill  M 
cessive  steps  to  its  present  slate  of  improvement. 

Guericke,  indifferent  about  the  solitary  possenioB  ct 
invention  which  gave  entertainment  to  numbers  who  a 
to  see  his  wonderful  experiments,  gave  a  miimle  dodi 
tion  of  all  his  pneumatic  apparatus  to  Gaspar  SchottUi 
fessor  of  mathcmfltics  at  Wirtemberg,  who  imi 
published  it  with  the  author's  consent,  with  an 
some  ofitB  performances,  first  in  1657,  in  his  MaAama^ 
dratilico-pttetimalica ;  and  then  in  his  Trchnica 
1664.,  a  curious  collection  of  all  the  wonderful  perfo 
of  art  which  he  collected  bya  correspondence  over  aUEunjiI^j 

Otto  Guerickc's  air-pump  consists  of  a  glass  itwaiT 
(Fig.  16.),  of  a  form  nearly  spherical, 
cap  and  cock  B.     The  nozzle  of  the 
■yringe  CDE,  also  of  brass,  bent  at 


Ls  of  a  glass  r(m'i'ilf| 
al,  fitted  up  wiliilnld 
the  cap  was  Gi«{  '^'Iw 
at  D  into  half  i  r^W  j 
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This  had  a  valve  at  D,  opening  from  the  rcca 
into  the  syringe,   and  sliutting  wlieii  prcs^   in  the  op*   | 
pontc  direction.     In  ttic  upper  side  of  the  syringe  there  ij 
another  valve  F,  opening  from  tiic  syringe  into  the  exter* 
nal  air,  and  shutting  when  pressed  inwards.     The  pistoo 
bad  no  valve.     The  syringe,  the  cock  B,  and  the  jmnt  of  J 
the  tube,  were  immersed  in  a  cistern  filled  with  water. 
From  this  description  it  ia  easy  to  understand  tlie  operop   i 
tkin  of  the  instrument.     When  tlic  pbton  was  drawn  up   , 
limn  the  bottom  of  the  syringe,  the  valve  F  was  kept  shut  ' 
by  the  presstire  of  tlie  external  air,  and  the  valve  D  opened   | 
by  the  elasticity  of  llie  air  in  the  receiver.     When  it  w 
ptished  down  ogun,  the  valve  D  immediately  shut  by  iJ 
superior  elasticity  of  the  air  in  the  syringe ;  and  when  thi*  ] 
wax  sufficiently  compressed,  it  opened  the  valve  F,  and  v 
discharged.     It  was  immersed  in  water,  that  no  air  migbt  ] 
find  its  way  through  the  joints  or  cocks. 

It  would  seem  that  this  machine  was  not  very  perfeotf  J 
for  Guerickc  says  that  it  took  several  hours  to  produce  on  1 
evacuation  of  a  moderate-sized  vessel ;  but  he  says,  that  | 
when  it  was  in  good  order,  the  rarefaction  {for  he  acknow.   ' 
ledges  that  it  was  not,  nor  could  be,  a  complete  evacu*- 
lion)  was  so  great,  that  when  the  cock  was  opened,  and  i 
water  admitted,  it  filled  the  receiver  so  as  sometimes  to 
Imvo  no  more  than  the  bulk  of  a  pea  filled  willi  air.     Thia  \ 
ia  a  littic  surprising ;  for  if  the  valve  F  be  placed  as  far 
fiwn  die  bottom  of  the  syringe  as  in  Schottus's  figure^  I 
It  would  appear  that  the  rarefaction  could  not  be  greater 
thim  what  must  arise  from  the  air  in  DF  expanding  till  it   I 
filled  tlie  whole  syringe ;  because  as  soon  as  the  piston  ia   , 
ita  descent  passes  F  it  can  discharge  no  more  olr,  but  must '  i 

>  oum|>res3  it  between  F  and  ilie  lu)ttom,  to  be  expanded 
j^ain  when  the  pislon  is  drawn  up.     It  is  pnibable  that  tho   I 
piahn  was  not  very  tight,  but  that  on  pressing  it  down  | 

I  it  allowed  the  air  to  pass  it;  and  the  water  in  which  (he  <] 
immersed  prevented  ihe  n-turn  of  the  lur  vt 
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it  was  drawn  up  agiun ;  aixl  this  aooounts  for  the  pestte 
necessary  lor  producing  die  dewed  larefacUon. 

Guericke,  being  a  gentleman  of  fortune,  spandiKia- 
pense,  and  added  a  part  to  the  madiine,  whkh  ssYcd  kii 
numerous  vintants  the  troubk  of  hours  attendance  bdas 
they  oould  see  the  curious  experiments  with  the  brU 
air.     He  made  a  large  copper  vessel  G  (Fig.  17.)i  hmg 
a  pipe  and  cock  below,  which  passed  through  theloorrf 
the  chamber  into  an  under  apartment,  where  it  was  jmA 
to  the  syringe  immersed  in  the  astern  of  water,  and  rat 
ed  by  a  lever.     The  upper  part  of  the  vessel  tenmsiiri 
m  a  pipe,  furnished  with  a  stopcock  H,  surrounded  ailks 
small  brim  to  hold  water  for  preventing  the  ingress  of  m 
On  the  top  was  another  cap  I,  also  filled  with  waterto|i^ 
tect  the  junction  of  the  pqpes  with  the  receiver  K    lUi 
great  vessel  was  always  kept  exhausted,  and  workaca  sk 
tended  below.     When  experiments  were  to  be  ftsSacmd 
in  the  receiver  K,  it  was  set  on  the  top  of  the  grest  nmi, 
and  the  cock  H  was  opened.     The  air  in  K  immediittif 
diffused  itself  equally  between  the  two  vessels,  and  viiid 
much  more  rarefied  as  the  receiver  K  was  smaller  thasike 
vessel  G.     When  this  rarefaction  was  not  sufficient,  theil' 
tendants  below  inimcJiately  worked  the  pump. 

These  particulars  deserve  to  be  recorded,  as  the;  in 
the  inventive  genius  of  this  celebrated  philosopher,  aodk^ 
cause  they  are  us^^ful  even  in  the  present  advanaxl  stiiecf 
the  study.     Guericke's  method  ot  excluding  air  fromjlllh 
joints  of  liis  apparatus,  by  immersing  these  joints  in  wUff, 
is  the  only  meihod  that  has  to  this  day  been  found  efe. 
tual :  an  .1  there  frequently  occur  experiments  where  tks 
exclusion  for  a  lon^  time  is  absokitelv  necessarv.    lojod 
^^^*5«  >t  isi  necessary  to  construct  little  cups  or  dsttrw  U 
every  joint,and  to  hll  iheni  with  water  or  dl.     Inilel» 
to  Schottus  1662-3.  he  describes  very  ingenious  cwiiri^ 
ances  for  producing  ctmpleie  rarefaction  after  iheelirti- 
aty  ot  the  remaining  air  has  been  so  tar  diminished  tint  i 
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'«Me  to  open  the  valves.  He  opens  the  exhausting 
I  by  a  pl>igi  which  is  pushed  in  by  the  liand  ;  and  the 
irging  valve  is  opened  by  a  sumll  pump  placed  on  ks 
le,  so  that  it  opens  into  a  void  instead  of  opening 
K  the  pressure  of  the  atmosphere.  (See  Schotl'i  Tech- 
Turioaa,  p.  68, 70.)  These  contrivances  have  been  lately 
t  to  lur-pumps  by  Haas  and  Hurler  as  new  inventions, 
must  be  acknowledged,  that  the  application  Of  the 
r  or  syringe  to  the  exbauation  of  air  was  a  Tery  ob- 
thougbt  on  the  principle  exhibited  in  No  17,  and  in 
wy  it  was  also  employed  by  Guerickc,  who  first  6Iled 
sceiver  with  water,  and  then  ai)plled  the  syringe.  Btit 
r«9  by  no  means  either  his  object  or  his  principle. 
Agect  was  not  solely  to  procure  a  vessel  void  of  air, 

0  exhaust  the  air  which  was  already  in  il ;  and  his 
iple  was  the  power  which  he  suspected  to  be  in  air  of 
iding  itself  into  a  greater  space  when  the  force  was 
red  which  be  supposed  to  com]>ress  it.  He  expressly 
[Tract,  de  Experimmlis  Afagdeburgicls,  et  in  Epist. 
thoiitm),  that  the  contrivance  occurred  to  him  acci- 
illy  when  occupied  with  experiments  on  the  Toricellian 

m  which  he  found  that  the  air  would  really  expand, 
sompletely  fill  a  much  larger  space  than  what  it  usual- 
eupied,  and  that  he  had  found  no  limits  to  the  expan- 
evincing  this  by  facts  which  wc  shall  perfecily  undei^ 

1  by  and  by.  This  was  a  doctrine  quite  new,  and  re- 
id  a  philoBopbical  mind  to  view  it  in  a  general  and  sys- 
dc  tnanner  ;  and  it  must  be  owned  that  his  manner  of 
mg  the  subject  is  equally  remarkable  for  ingenuity  and 
lodesty.  (Epist.  ad  Scholium.) 

\t  doctrine  and  his  machine  were  soon  spread  ov» 
ipe.  It  was  the  age  of  Hleraty  ardour  and  philosophi- 
oriosity ;  and  it  is  most  pleasing  to  us,  who,  standing 
le  tboulders  of  our  predecessors,  can  see  far  around  us, 
pserve  the  eagerness  with  which  every  new,  and  to  us 
fauv  experiment  was  repeated  and  canvassed.    The 
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wonhippen  of  Aristotle  were  daily  reoeiTiBg  seven  morti. 
fica&ffis  from  the  experimenters,  or  empirics,  as  thejaSuU 
ed  to  call  them,  and  they  exerted  tbemsdLTesstremioudjiD 
sufqport  of  his  now  tottenng  cause.  This  oontributed  to 
the  rapid  propagation  of  every  discovery ;  and  it  was  a  most 
profitable  and  respectable  buaness  to  go  throu^  the  chkf 
dties  of  (Germany  and  France  exhibiting  philosopbicBl  ex- 
periments. 

About  this  time  the  foundations  of  the  Boyal  Society  of 
London  were  laid.  Mr  Boyle,  Mr  Wren,  Lord  Biounbri 
Dr  Wallis,  and  other  curibus  gentlemen,  held  meetings  at 
Oxford,  in  which  were  recdved  accounts  of  whatever  m 
doing  in  the  study  of  nature ;  and  many  experiments  woe 
exhibited.  The  researches  of  Galileo,  Toricelliy  and 
Paschal,  concerning  the  pressure  of  the  air,  greatly  engag- 
ed th^  attention,  and  many  additions  were  made  to  their 
discoveries.  Mr  Boyle,  the  most  ardent  and  sueoessfiil 
studier  of  nature,  had  the  principal  share  in  these  improve^ 
ments,  his  inquisitive  mind  bemg  aided  by  an  opuknt  ftr- 
tune.  In  a  letter  to  his  nephew.  Lord  Dungarvon,  he^s 
that  he  had  made  many  attempts  to  see  the  appearances  ex- 
hibited by  bodies  freed  from  the  pressure  of  the  ain  He 
had  made  Toricellian  tubes,  having  a  small  vessel  B4apf 
into  which  he  put  some  bodies  before  filling  the  tubes  with 
mercury ;  so  that  when  the  tube  was  set  upright,  and  the 
mercury  run  out,  the  bodies  were  in  vacuo.  He  had  abo 
abstracted  the  water  from  a  vessel,  by  a  ^all  pump,  by 
means  of  its  weight,  in  the  manner  described  in  No  17, 
having  previously  put  bodies  into  the  vessel  along  with  the 
water.  But  all  these  ways  were  very  troublesome  and  im- 
perfect He  was  delighted  when  he  learned  from  Schottus^ 
first  publication,  that  Counsellor  Guericke  had  effected  this 
by  the  expansive  power  of  the  air ;  and  immediately  set 
about  constructing  a  machine  from  his  own  ideas,  no  de- 
scription of  Guericke''s  being  then  published. 

It  consisted  of  a  receiver  A  (Fig.  18.),  furnished  with  s 
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i  B,  and  syringe  CD  placed  in  a  vertical  poutian 
below  the  receiver.    Its  valve  C  was  in  its  bottom,  dose  ad- 
joining to  the  entry  of  the  pipe  of  cotntnunication ;  and  the 
bolo  by  which  the  air  issued  was  farther  secured  by  a  plug 
whkh  oould  be  removed.     The  piston  was  moved  by  a 
wheel  and  rackwork.     The  recdiver  of  Guericke's  pump 
was  but  ill  adapted  for  any  considerable  variety  of  expei^   '. 
ments ;  and  accordingly  very  few  were  made  in  it     Mt  ' 
Boyle's  receiver  had  a  large  opening  EF,  with  a  strong  I 
gtass  margin.     To   this    was  fitted  a  strong  brass  cap, 
pierced    with   a  hole    G    in   its  middle,    to  which  was 
fitted  a  plug  ground  into  it,  and  shaped  like  the  key  of «  i 
oock.     The  extremity  of  this  key  was  furnished  with  a 
Krew,  to  which  could  be  affixed  a  hook,  or  a  variety  gf 
peoes  for  supporting  what  was  to  be  examined  in  the  r 
cdver,  or  for  producing  various  motions  witliin  it,  without   I 
admitting  the  air.     This  was  farther  guarded  against  by  i 
means  of  oil  poured  round  the  key,  where  it  was  retmne4   i 
by  the  hollow  cup-like  form  of  the  cover.     Willi  all  these  \ 
precautions,  however,  Mr  Boyle  ingeniously  confesses,  tlot  I 
it  was  but  seldom,  and  witli  great  difficulty,  that  he  could   . 
produce  an  extreme  degree  of  rarelaction ;  and  it  appeal*   . 
l^  Guericke's  letter  to  Schottus,  that  in  this  respect  tb»  f 
Magdeburgh  machine  had  the  advantage.     But  must  of  f 
Boyle's  very  interesting  experiments  did  not  require  th]^  1 
extreme  rarefaction ;  and  the  variety  of  them,  and  ihev  I 
philosophic  importancej  compensated  for  this  defect,  an^  I 
a  «lipscd  the  fame  of  the  inventor  to  such  a  degre^  J 
e  state  of  air  in  the  receiver]  was  generally  denofc  1 
d  the  vacuum  BoyUanum,  and  the  air-pump  was  called  1 
a  Boykana.    It  does  not  appear  that  Guericke  was  a 
cdtoun  to  maintain  bis  claim  to  priority  or  inventioib 
%  to  have  been  of  a  uuly  noble  and  philosophic^  J 
g  at  nothing  hut  the  advancement  of  science. 
B  Boyle  found,  thai  to  make  a  vessel  air-tight,  it  ww  ] 
nl  to  place  a  piece  of  wet  or  oiled  IcuthiT  on  it&  briof  1 
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flpd  to  kf  ft  fat  plate  of  ■MCal  «pM  tfaii.  TbepnHttf 
thetxtenal  $ir  wqatend  At  tm^  nid  faa£n  bo  had  ii|^ 
ihcr,  that  the  loft  leather  fftgmnlhr  cxduded  it  Ha 
cnUcd  him  to  render  the  wtnairn  aiarfanr  mconpaik^ 
fliore  ooDTenicot  for  a  Tarictr  of  ajMiiMintH  He 
the  oopndait-pipe  to  ti  i  miiMiH  »  a  flat  puae  whidi  he 
cd  with  leather,  axsdoadBihe  w&fitftxteibaUornaR^ 
vhicfa  had  both  its  upper  aad  ]ewfs  'warn  ground  fla.  || 
ccwrered  the  upper  orifitt  iti  jm&  itrnnner  with  a  faaif 
oiled  leather  and  a  flat  ptate,  ivc^nv  inaks  and  a  iwoji 
cAher  petforatjons  and  contrmnKss  mkatgi  to  his  papak 
This  he  found  infinhclT  more  -ggimnnHH^  and  abeigi^ 
than  the  clamroj  oeaMfBti  wtasa  ik-  !»£  formerlj  adit 
Mcaring  the  jcuxta. 

He  va>  nov  usiftted  bv  Ilr  &Hm%»:.  liie  most  imH 

and  iDTentire  mechanic  thai  ms:  vieiL  Jft&  ever  secL  3h 

perftcjo  inade  a  great  impr/^taueu:  ux  uie  air-pump,  m^ 

plving  tvo  rynngts  whoae  iJhnau-Tum  were  t<cub^ 

the  same  vhee!,  as  in  Yiz.  ^^  .  ant   pinizng  yalw  a  li 

}nstoD%  in  the  same  manner  ht  jl  tiit  xukoq  of  a  aiHi 

pump.      This  evidently  dr^uiMS.    liis:   tspeditioa  a  ft 

pump's  rjjjttrzxion  :  but  it  ai%o  Enser^^}  dnninished  uk  aat 

of  pumping;  ff/r  it  mubt  be  ouserv«:a.  ihatthepsnl 

must  be  drawn  up  against  the  iirsE=?uii  of  the  ei'.eaba; 

and  when  the  rarefaction  is  nearj  neriifct,  tiiis  reoiaai 

force  of  nearlv  1.3  pounds  for  tn-er^  mrin  of  thea?aaail| 

piston.     Now  when  one  pisrcic  H  a  mi  ihe  botUKaai 

barrel,  the  other  K  b  at  the  ukj  en  znt  barrel^  aDcatfli 

below  K  iA  equally  rare  with  :n&:  n.  me  receiTer.    Tmti 

fore  the  prew»ure  of  the  exremal  air  on  the  pioBDiil/ 

nearlt^  equal  to  that  on  the  pison  H.    Both,  tbenB.«|fc 

acting  m  opfjonte  directions  on  the  wneei  which  gnraalK 

moticai;  and  the  force  nc<cgiaiy  iar  raiang  H  isaifii|ef 

diilmDoe  between  the  elastidtr  of  the  air  in  the 

ad  that  of  the  air  in  the  barrel  E.     lliis  is  TefTab|i| 

the  b^poabg  of  the  itioke,  but  gradnalhr  inaiai^ 
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aids,  and  becomes  equal  to  the  whole  exce« 
of  the  lir's  pressure  above  the  elasticity  of  the  remainittf  J 
air  of  the  receiver  when  the  air  ai  K  of  tlie  luturiU  deilti^  I 
begins  to  open  the  piston  valves.  An  accurate  attention  tA  I 
tlw  circumelances  will  show  ub  that  the  force  requinte  Itt  J 
working  the  pump  is  greatest  at  first,  and  gradually  OR  I 
Bnniihes  as  the  rarefaction  advances;  and  when  thia  i 
nearly  cimiplete,  hardly  any  more  force  is  required  this  J 
whst  is  necessary  for  overcomin)^  the  friction  of  the  pislon%  j 
VEcept  during  tJie  discbarge  of  ihe  air  at  the  end  of  a 
■trolte.  jf  J 

ITiis  is  tliereforfc  the  form  of  the  air-pump  which  is  maf 
generally  used  alt  over  Eurojte,     Some  traces  of  natiotial 
prepossession  remain.      In  Germany,  air-pumps  are  Sn* 
qilenlly  made  after  the  originol  model  of  Guericke's  (  WoUF 
Cyclomaihesia) ;  and  the  French  gt-tierally  use  the  pUmp 
nude  by  Papin,  though  extremely  ankward.      We  shall 
^ve  a  description  of  Boyle's  air-pump  as  finally  improved  . 
hy  Hawkeshee,  which,  with  some  small  accommudations  b 
Skulnr  views,  still  remains  the  most  approved  form.       j  J 
e  follows  the  description  from  Desaguliers  : 
msists  of  two  brass  barrels  a  a^  a  a  (fig.  19.)i  U  I 
f  high  and  2  wide.     The  pistons  are  raised  and  d^  J 
i  by  turning  the  winch  6  h.     This  is  fastened  to  a 
ssing  through  a  strong-toothed  wheel,  which  lay*  * 
3 of  the  teethof  the  racks  cccc.     Then  the  one  is  rwsed 
while  the  other  is  depressed  ;  by  which  means  the  valv«% 
iriiich  are  made  of  limber  bladder,  fixed  in  the  upper  part 
of  each  piston,  as  well  as  in  the  openings  into  the  bottom 
of  Ihe  barrels,  perform  their  office  of  discharging  the  air 
|.the  barrels,  and  admitting  into  them  the  air  from  the 
r  to  be  afterwards  discharged ;  and  when  the  r^  ■ 
s  lo  be  pretty  well  exhausted  of  its  air,  the  pres*  J 
F  the  atmosphere  in  the  descending  piston  is  nearly  [ 
,  that  the  power  required  to  raise  the  other  is  littltf  1 
rdisti  is  neceisory  for  ovcroominj;  the  friction  of  th»  J 
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{HRton,  which  renders  this  piunp  preferiilite  to  iDodicii^ 
which  require  more  force  to  work  ihem  as  the  aiAdim 
of  the  air  in  the  receiver  advances. 

Thy  barrels  are  set  in  a  brass  dish  about  twoindndHK 
filled  with  water  or  oil  to  prevent  the  insmuatiM  at  m 
Tho  barrels  are  screwed  ught  down  by  the  nuti(f,i(, 
which  force  tlie  frontispiece  J"/  down  on  ihent,  ifafn^ 
which  the  two  pillars  gg,  gg  pass. 

From  between  the  barrels  rises  a  slender  braw  pipe  ^ 
oommunicating  with  eadi  by  a  perforation  in  Uie  tnomni 
piece  of  brass  on  which  they  stand.  The  upper  end  dfiit 
pipe  communicates  with  another  perforated  piece  of  hm, 
wludt  screws  on  undcnicath  the  plate  iii  i,  of  teo  mia 
diNmetcr,  and  surrounded  with  a  brass  rim  to  premi  ik 
dwdding  of  water  used  in  some  experiments.  ThJi  pn 
of  btus  has  tluve  branches :  1.  An  horizontal  ooe 

I  with  the  conduit-pipe  hh.  S.  An  uph^oM 
itDIo  the  middle  of  the  pump-plate,  and  termi 
to  a  Moall  pipe  Jt,  rtaag  about  an  inch  above  it.  3.  Ut 
perpendkular  coe^  ^"fH^g  downwards  in  the  contin 
of  the  pipe  i,  and  faaving  a  hoUow  scr«w  in  its  end  i 
ing  thebnsscapaf  theg^e-pipe/Z^A  wbicfab«fglli^ 
SiiadicsItM^  aod  noMfscd  in  a  glass  datemanAd 
■itfaiMieaiy.  lliiB  is  exnatd  m-tap  witk  a  oori  k^ 
onpa^  Ibe  wa^  of  m  ^bt  woodoi  acale  Avidid  m 
■dM.  wUchvcMMbevedfrn  the  aai&ce  of  tfe  ■». 
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rcFocUon  is  to  be  continued  long,  aa  there  are  by  iH 
means  fewer  cbancea  of  tbe  insinuation  of  air  by  the  many  ( 
joints. 

The  receivers  arc  made  tight  by  ^mply  setting  them  c 
the  pump-pUte  with  a  piece  of  wet  or  oiJed  leather  be>  ' 
tween;  and  the  receivers,  nhich  are  open  a-top,  have>  ' 
brass  cover  set  on  them  in  the  same  manner.     In  these  o 
rcTS  there  are  various  perforations  and  contrivances  for  v^ 
rious  purposes.     The  one  in  the  figure  has  a  slip  wire  passk  J 
ing  through  a  collar  of  oiled  leather,  having  a  hook  or  a  1 
screw  in  its  lower  end  for  hanging  any  th'mg  on  or  produfc 
ing  a  variety  of  motions. 

Sometimes  the  receivers  are  set  on  another  plate,  which  < 
haa  a  pipe  screwed  into  its  middle,  furnished  with  a  stop*  \ 
cock  and  a  screw,  which  fits  the  middle  pipe  k.  When  ih*  I 
rarefaction  lias  been  mode  in  it,  the  cock  is  shut,  and  ihtn  i 
the  whole  may  be  unscrewed  from  the  pump,  and  removed  I 
to  any  convenient  place.  This  is  called  a  transporter 
jiaU. 

It  only  remains  to  explain  the  gage  II II.     In  the  ordU  1 
nary  state  of  the  air  its  elaMicily  balances  the  pressure  of  | 
the  incumbent  atmosphere.     We  find   this  from  the  force 
that  is  necessary  lo  squeeze  it  into  leas  bulk  in  oppositita  ] 
to  tliis  elasticity.     Therefore  the  elasticity  of  the  wr  i^   i 
crefucs  with  the  vicinity  of  its  particles.     It  is  therefom 
reasonable  to  expect,  that  wlien  we  allow  It  to  occupy  mora 
room,  and  its  particles  arc  farther  asunder,  its  elasticity  | 
will  be  diminished  though  not  annihilated  ;  that  is,  it  wiU   < 
no  longer  balance  the  wholk  pressure  of 'tlic  atmosphere,   j 
though  it  may  still  balance  part  of  it.     If  therefore  an  up>   ' 
light  pipe  Imve  its  lower  end  immersed  in  a  vessel  of  mer* 
cury,  and  communicate  by  its  upper  end  with  a  vessel  con* 
tuning  rarefied,  therefore  less  elastic,  air,  we  should  expect 
that  the  pressure  uf  tlie  air  will  prevail,  and  Ibrcc  the  mer- 
cmy  into  the  tube,  and  cause  it  to  rise  to  such  on  height 
that  the  weight  of  the  mercury,  jmiied  to  the  elasticity  of 
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the  rare6ed  air  acting  on  iu  upper  surface,  sfull  be  omIj 
equnl  to  the  whole  pressure  of  the  atmosphere.  Tbf  hagbl 
of  the  raercury  is  the  exact  measure  of  that  pan  vl  |l 
whi^e  pressure  nhich  is  not  balanced  by  llie  (.-lutiotj  dt 
the  rarelied  &ir,  and  its  deficiency  from  the  height  li  ihi 
oiercur;  in  tlic  Toricellian  tube  is  the  exact  meaMireaf  ili^ 

'  It  is  evident  therelbre,  that  the  pipe  will  be  a  adii 
the  duUnty  of  the  reniainiag  air,  and  will  indicate  In  a 
•wt  the  degree  of  rarefaction :  for  there  must  be  *aae  u 
logy  betireen  the  density  of  the  air  and  its  elasticilj;  ■ 
we  have  do  reason  to  imagine  that  tbey  do  Dot  u>natt« 
diounish  together,  although  we  tnay  he  ignorant  af  I 
law,  that  is,  of  the  change  of  elasticity  corTcspoadrag  M 
known  change  of  density.  This  is  to  be  diacuvend  faj  i 
periment ;  and  tlie  air-pump  itself  fumisliea  us  vA  I 
best  experiments  for  this  purpose.  After  rarefying  tStl 
■wrcuiy  in  the  gage  has  attained  half  the  height  of  Alt 
tbe  Torirellian  tube,  shut  the  comrouDicatioo  with  tb(h 
nls  and  gage,  and  adnul  the  water  into  the  recara  ! 
will  go  in  till  all  b  again  in  equilibiio  with  the  pre 
the  atmosphere ;  that  cs,  till  the  air  in  tbe  reoeirer  htta 
a  its  natural  bulk.  This  we  can  aocuratdyf 
^  and  ocmpare  with  tbe  whole  capacity  of  the  r«m 
i  thus  obtain  the  precis  degree  of  raFefaction  LUilM|M 
r  to  half  tbe  natural  elastidty.  "We  can  do  the  a 
;  with  the  elasticity  reduced  lo  otw^ird,  (n»£Hl 
1  thus  discoTer  the  whole  hiw. 
K  gage  must  be  oomadeTed  aa  one  of  tbe  dm*  ■{ 
i  cxioreniem  poctt  of  Hawkesbee's  ptunp;  m( 
rAspoaed,  heing  in  a  aitutfion  procected  ^vi*' 
^"  '  but  «  aeccsaatdy  inmsKs  gnMlj  Uwskarfl 
■inhma^  aad  cantnt  he  appBed  to  tbe  uble>puafk  V9 
««»|mF%.«,No.  I.  Wheaitia  WKUtedbcre,** 
^m  b  added  behind,  or  between  tbe  barrels  aad  worn 
Md  oa  thb  b  Mt  a  sinan  tubaUted  (as  it  is  urnad)! 
7 
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covering  a  comtnou  wcatber-gUss  tube.  This  »• 
xaag  raretied  along  with  the  other,  the  pressure  oti 
mercury  in  the  cistern,  arising  from  the  elasticity  of  the 
air,  is  dimiDished  so  as  to  be  no  longer  nble  to 
the  mercnry  at  its  full  height ;  and  it  therefore 
till  Ui^  height  at  which  it  stands  puts  it  in  cquili* 
iu  with  the  elasticity.  In  this  form,  therefore,  the  height 
the  mercury  is  directly  a  measure  of  the  remaining  elas- 
i^;  while  in  tlie  othur  it  measures  the  remaining  un- 
prcssure  of  the  atmosphere.  But  this  gage  is  ex- 
tmely  cumhcrsuinc  and  liable  to  accidents.  We  are  sel- 
D  much  interested  in  the  rarefaction  till  it  is  great :  a 
tMcted  form  of  this  gage  is  therefore  very  useful, 
1  Tu  early  used.  A  syphon  ABCD  (Fig.  21.)  each 
of  which  is  about  foiu*  inches  long,  and  close  at  A 
apea  at  D,  is  filled  with  boiling  mercury  till  it  occu- 
the  branch  AB  and  a  very  email  part  of  CD,  having 
I  snrlaoe  at  0.  This  is  fixed  to  a  small  stand,  and  fixed 
the  receiver,  along  with  the  things  that  are  to  be  ex- 
ted  m  the  rarefied  air.  When  the  air  has  been  rare* 
till  its  remaining  elasticity  is  not  able  to  support  the 
ham  BA,  the  mercury  descends  in  AB,  and  rises  in 
I^  and  the  remaining  elasticity  will  always  be  measured 
'  the  eWation  of  the  tucrcury  in  AB  above  that  in  the 
[  CD,  Could  the  exhaustion  be  perfected,  the  surfaces 
both  l^s  would  be  on  a  level.  Another  gage  might  be 
the  same  foot,  having  a  small  bubble  of  air  at  A. 
is  would  move  from  the  beginning  of  the  rarefaction ; 
our  ignorance  of  the  analogy  between  the  density  and 
Wiaiy  hinders  us  from  using  it  as  a  measure  of  cither. 
It  u  enough  fur  our  present  purpose  to  observe,  that 
t  haromeier  or  syphon  gage  is  a  perfect  indication  and 
Rtre  of  ti)e  {)ertbrmance  of  an  air-pump,  and  that  a 
ip  is  (arteris  forilus)  so  much  the  more  perfect,  as  it 
ble  to  rai.se  the  mercury  higlier  in  the  gage.  It  is  in 
«ajr  dial  wc  discover  that  none  cau  product.-  a  complete 
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exfaamtion,  ftnd  that  their  cfienluM  b  onlya 
rare&ction :  for  none  cao  r^se  the  mercury  to  that 
which  it  stands  in  the  Toricellisn  tubo,  well  pu^ed  of) 
Few  pumps  will  bring  it  witiiin  ,'o  of  an  ladi.  Havki 
fitted  up  according  to  his  instructiutis,  will  seldom 
within  J.  Pumps  with  cocke,  when  constrtict«d 
to  the  principles  mentioocd  when  speaking  of  the  oxluuut. 
ing  syringe,  and  new  and  in  tine  order,  ivill  in  fr«ounJilr 
arcunistmces  bring  it  within  ,>g.  None  with  vdvcSi  Atwl 
up  with  wet  leatlier,  or  when  water  or  volatile  Bindt  •( 
allowed  acccsa  into  any  {tart,  will  biing  it  neftrer  thao  }- 
Nay,  a  pump  of  the  best  kind,  and  in  the  finest  otder,  will 
have  its  rarefying  power  reduced  to  the  lowest 
09  measured  by  this  gage,  it'  we  put  into  lb« 
tenth  partat  a.  square  inch  of  white  sheep-ckin, 
tiie  shops,  or  of  any  Bubstatiee  equally  dunpi 
di«oovery  made  by  moans  of  the  improved 
kads  tfl  very  extensive  and  important  cutisequnmariB' 
nernl  physics ;  some  of  which  will  be  treated  of  tmdfr 
sTticle:  and  the  observation  is  made  thus  ear^t  tkM 
leaders  >My  )>ctt«r  understand  the  iinproVenunU  iri 
have  been  mode  on  this  celebrated  machine. 

It  would  require  a  volume  to  describe  all  the  ckrt 
which  have  been  made  on  i(.  An  instrument  of  attdl  I 
tif«io«s  uee,  and  iii  the  hands  of  curious  men,  eadt  dfi 
into  the  secrets  of  nature  in  his  favourite  line^  nniat  I 
veceived  many  alterations  and  real  improvemenit  in  «. 
fiarticular  respects.  Uut  these  are  bemde  our  pttaaa^ 
jjo»e ;  which  is  to  consider  it  merely  as  a  inacfatae  Ibri 
fying  elastic  or  expansive  fluids.  We  muM  thereSic* 
fine  ourselves  to  this  view  of  it;  and  sliall  CMctbOyi 
to  our  readers  every  improvement  founded  on 
and  cm  pncumalksj  taws. 

All  who  used  it  perceived  tl>e  limit  mtI  Io  the 
by  the  resistwioe  of  the  valves,  and  tried  to  pcrfe 
construotioa  of  the  cocks.     The  Al*^  NoHct  and 
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toDofilhe  nUHtenuuenL  ^xperitD^nlHl  phUocophen 
ID  £urope,  were  tiie  mo«t  suoccGsrul.  , 

Mr  Gravcsande  justly  prci'erreiL  Hooke's  plan  of  #;  ' 
douUe  pump,  and  uxitrivcd  on  apparatus  ibr  turning  th« 
oDclu  by  tile  ntutioii  ut'  tlie  pump's  handle.  This  is  fai; 
licni  eilbcr  Iwing  simple  or  cosy  i»  working ;  ami  oei^siona 
gmt  jerkfi  and  coocus&iuos  ia  tlie  nliolc  luacliine.  Tbiai 
Immwtct,  is  not  necessarily  connected  with  iht  truly  pneih- 
imligtl  impruvenient.  Hi&  piston  has  uo  Tolve*  and  tlie 
nd  is  connected  witb  it  by  a  stirrup  B  (Fig-  'ii-),  as  in  ■ 
common  pump.  The  rod  has  a  cylindric  part,  cp,  wbichi 
pMwa  thruugh  tlic  stirrup,  and  has  a  stiff'  motion  in  it  pp 
aad  doiTQ  of  about  half  an  inch ;  being  stopped  by  tba, 
rfuuldtx  c  above  and  tlie  nut  below.  The  round  plate 
■ipporled  by  this  stirrup  has  a  shurt  ti(|uare  lube  nd, 
which  £ti  light  into  the  hole  of  a  piw«  of  cork  F.  The 
Btund  plole  E  bus  a  square  etiank  g,  wliich  goes  into  (be. 
iquaR  tube  n  </.  A  piece  of  thin  leallier^  soaked  in  oil, 
m  put  between  the  cork  and  the  plate  E,  and  another  bor- 
tveen  the  ourk  and  Ibe  plalfi  which  forms  the  sdc  of  the 
Mbmp.  All  thane  pieces  arc  screwed  togtither  by  tlie  nail 
i;  whose  flat  head  covers  tite  liule  n.  Suppose,  thcrefbre, 
ihe  (Hston  touching  the  bottom  of  the  barrel,  and  the  wincb 
tUHHPg  to  raise  it  again,  the  friction  of  the  pieton  on  tlw 
hetrrl  keeps  it  in  its  place,  and  the  rod  is  drawn  up  through. 
Uu  atirrup  D.  Thus  the  wheel  has  liberly  u>  turn  about 
■p  inch :  luid  this  is  sufficient  for  turning  the  cock,  so  as 
tocul  off  the  communication  with  the  external  air,  and  to 
flpen  the  communication  willi  llie  receiver.  Thie  being 
dnae.  and  the  motion  oi'  the  winch  continued,  the  piston  ia 
ESUcd  to  the  top  of  the  barrel.  When  tlie  vrincli  is  turned 
itt  die  opposite  direction,  ibe  juston  remains  fixed  till  the 
u  turned,  so  as  to  shut  (he  cooimuuif^ation  witli  tlie^ 
open  that  with  the  external  air. 
Sllae  ia  a  pretty  coouivance,  and  does  not  at  first  ap- 
because  the  cocks  m^^  Ik  wade  to  luin 
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at  the  begiiining  and  end  of  the  stroke  without  it  But 
this  is  just  possible ;  and  the  smallest  enor  of  adjustincDti 
or  wearingof  the  apparatus,  will  cause  them  to  be  opoiat 
improper  times.  Beffldes,  the  cocks  are  not  tuned  in  m 
instant,  and  are  improperly  open  during  some  very  smiD 
time;  but  this  contrivance  completely  obviates  this  diflicultf • 

The  cock  is  predsely  nmilar  to  that  finrmerly  desciihfrii 
having  one  perforation  diametrically  through  it,  and  ant^ 
ther  entering  at  right  angles  to  this,  and  after  readung  the 
centre,  it  passes  along  the  axis  of  the  cock,  and  comes  <Mt 
to  the  open  air. 

It  is  evident,  that  by  this  construction  of  the  cock,  Ae 
ingenious  improvement  of  Dr  Hooke,  by  whidi  the  pr» 
sure  of  the  atmosphere  on  one  piston  is  made  to  balaiiBe 
(in  great  part)  the  pressure  on  the  other,  is  given  up:  fiSf 
whenever  the  communication  with  the  air  is  opened,  it 
rushes  in,  and  immediately  balances  the  pressure  on  tk 
upper  side  of  the  piston  in  this  barrel ;  so  that  the  whole 
pressure  in  the  other  must  be  overcome  by  the  person 
working  the  pump.  Gravesande,  aware  cf  tins,  put  a 
valve  on  the  orifice  of  the  cock ;  that  is,  tied  a  slip  of  tret 
bladder  or  oiled  leather  across  it ;  and  now  the  piston  is 
pressed  down,  as  long  as  the  air  in  the  barrel  is  rarer  tta 
the  outward  ur,  in  the  same  manner  as  when  the  valfsii 
in  the  piston  itself. 

This  is  all  that  is  necessary  to  be  described  in  Mr  Gnl^ 
Sanders  air-pump.     Its  performance  is  highly  extolled  I7 
him,  as  far  exceeding  his  former  pumps  with  valves,    tb^ 
same  preference  was  given  to  it  by  his  successor  MuscIma- 
broek.     But,  while  they  both  prepared  the  pistons  and 
valves  and  leathers  of  the  pump,  by  steeping  them  in  o3i 
and  then  in  a  mixture  of  water  and  sprits  of  wine,  we  aie 
certain  that  no  just  estimate  could  be  made  cf  its  peifbna- 
ance.     For  with  this  preparation  it  could  not  faring  the 
gage  within  }  of  an  inch  of  the  barometer.     We  even  see 
other  limits  to  its  rarefaction :  from  its  construction,  it  11 
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I  a  vtry  conaderable  space  is  left  between  the 
d  cx>ck,  not  lesa  than  an  inch,  from  which  the  air 
ixpelled ;  and  if  this  be  made  extremely  small,  it 
le  pump  must  be  worked  very  slow,  other- 
there  will  not  be  lime  for  the  ur  to  diffuse  itself  from 
receiver  into  the  barrel,  especially  towards  the  end, 
vbeu  the  expelling  force,  via.  the  elasticity  of  the  remain- 
ing air  b  very  email.     There  is  also  the  same  limit  to  the 
WeTaction,  as  in  Hooke's  or  Hawkesbee's  pump,  opposed 
by  the  valve  E,  which  will  not  open  till  the  air  below  the 
is  considerably  denser  than  the  external  air :  and  this 
soon  lost  any  advantages  it  possessed  when  fresh  from 
fie  workman's  hands,   by  the  cock's  growing  loose  and  ad- 
nitling  air.     It   is  surprising   that  Gravesande  omitted 
Sswkesbec's  security  against  this,  by  placing  the  barrels 
D  a  dish  filled  with  oil ;  which  would  eSectually  have  pre- 
ihis  inconvenience. 
We  must  not  omit  a  seemingly  paradoxical  observation 
if  Gcavesande,  that  in  a  pump  constructed  with  valves,  and 
parked  with  a  determined  uniform  velocity,  the  required 
k^ree  of  rarefaction  is  sooner  produced  by  short  barrels 
by  long  ones.     It  would  require  too  much  time  lo 
pve  a  general  demonstration  of  this,  but  it  will  easily  be 
by  an  example.     Suppose  tlie  long  barrel  to  have 
qual  capacity  with  the  receiver,  then  at  the  end  of  the  first 
troke  the  air  in  tlie  receiver  will  have  \  its  natural  denuty. 
jbnr,  let  the  short  barrels  have  half  this  capacity ;  at  the 
id  of  tlie  first  stroke  the  dcndty  of  the  air  in  the  receiver 
I,  and  at  the  end  of  tlie  second  stroke  it  is  J,  which  is  less 
lian  4t  imd  tlie  two  strokes  of  the  short  barrel  are  supposed 
be  made  in  the  same  time  with  one  of  the  longest.  Sic. 
Hawkcsbce's  pump  maintained  its  preeminence  u-ithout 
i«al  in  Britain,  and  generally  too  un  the  continent,  except 
I  Fnncc,  where  every  tiling  took  tlie  Urn  of  the  Academy, 
rhkh  abliorrcd  being  indebted  to  foreigners  for  any  thing 
7 
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Itl  sclenf*,  lill  ibttut  the  year  ItSO,  *ben  U« 
attention  of  Mr  John  SmeaWn,  «  person  of  i 
knowledge,  and  second  to  none  but  Dr  Hooke  I 
and  mechahical  CeWuree.     He  was  then  a  mak«r  6f  f 
ft^hical  instruments,  and  wade  mftny  attempt*  to  fKtttt 
(he  pumps  with  cocks,  but  found,  that  whntever  p 
he  eould  bring  tltetn  to,  he  could  nai  eathle  ihem  to  p 
serve  it  i  and  he  never  would  sell  nne  of  this  cotiAfWdfl 
He  therefore  ottached  himsrif  solely  to  the  valve  p 

The  first  thing  rtas  to  diminish  the  rewstance  to  ihe  en 
of  the  air  from  llie  receiver  into  the  barrels :  tba  he  t 
dered  altaost  nolhing,  by  enlat^ng  the  surfftce  on  irfc 
this  feeble  elastic  air  was  to  press.  lR8l>?ad  of  BMk 
these  valves  to  open  by  its  pressure  on  a  circle  of  ,*,  ttf 
indl  in  diameter,  he  made  the  valve-hole  one  inch  in  d 
ter,  enlarging  the  Surface  4W  timeai  and  to  prevent  4 
jriece  of  thin  leather  from  being  burst  by  the  great  p 
on  it,  when  the  piston  in  its  descent  was  apprdBcMny  t 
bottom  of  the  barrel,  he  supported  it  by  a  deHcW  l 
strong  grating,  dividing  the  valve-hole  hke  tbe  MdioU  C 
boney-comb,  as  represented  in  Fig.  25;  and  th*  rB* 
this  grating  arc  seen  edgewise  in  Fig.  23,  at  a  be. 

The  valve  was  a  piece  of  lliin  membrane  or  oiled  & 
getitly  strmned  over  the  mouth  of  the  valve-hole,  ttttd  d 
4^  by  a  fine  silk  thread  wound  round  it  in  the  samMidfnl 
thai  the  narrow  slips  had  been  tied  on  formerly.  This  ((o( 
he  cut  with  a  pointed  knife  the  leather  round  the  • 
Aearly  four  quadrantal  arcs,  leaving  a  email  tongi)^  I 
tween  each,  as  in  Fig.  26.  The  strained  vidv*  (iml 
diately  shrinks  inwardfl,  as  represented  by  Uie  dtrf 
paiHs;  and  the  strain  by  which  it  is  kept  *iW!l  ti  K 
gt*Btly  dtminislied,  taking  place  ohly  at  the  cofmJm.  Il 
^tinga  bflng  reduced  nearly  mnn  edge  (but  nMiitiib^M 
they  should  cut),  there  ia  very  little  presfluW  to  p 
adhesion  by  the  clammy  oil.     TItus  it  ippeatTt,  lh»t  •  « 
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licity  of  the  air  in  tbu  receiver  will  be  sufficient  lu 
valve]  and  Mr  Smcaton  found,  that  vrlicn  it  was 
to  do  this  at  first,'  when  only  about  ni^a  of  the  na- 
t>Ml  tisEtieity,  it  would  do  it  after  keeping  the  piston  up 
•^ht  or  ten  MicoDdg,  the  air  having  been  all  the  while  un- 
dsrauning  the  valve,  and  gradually  detaching  it  frora  the 


Unfonmiatdy  he  coald  ttot  fotiaw  this  metbod  with  the 
fiaun  Taliw.  There  was  not  room  round  the  rod  (or  such 
tM  expanded  Tolve ;  and  it  would  have  obliged  htm  to  have 
I  *  grtU  space  below  the  valve,  from  which  he  could  not  ex- 
IfA  the  air  by  the  descent  of  the  piston.  His  ingenuity 
khit  on  8  way  of  increasing  the  expelling  fcarce  through  the 
Lcanamon  valve :  he  enclosed  the  rod  of  the  piston  in  a  col- 
lIbt  of  leather  /,  through  which  it  moved  freely  without 
bAUowiug  any  air  to  get  past  its  sides.  For  greater  secu- 
fjity,  the  collar  of  leather  was  contained  in  a  box  tenninat- 
1  ing  in  a  cup  hlled  with  oil.     As  this  makes  a  material 

i'  chat^  in  the  principle  of  construction  of  the  air-pump 
(tod  indeed  of  pneumatic  en^nea  in  general),  and  as  itbtf 
been  adopted  in  all  the  subsequent  attempts  to  imprm-c 
I  them,  it  merits  a  particular  consideration. 
L  The  piston  itself  consists  of  tn'o  pieces  of  brass  &sten«d 
iby  florewa  from  below.  The  uppermost,  whicl)  is  of  odo 
\»aiid  piece  with  the  rod  GH  (Fig.  -iS.),  is  of  a  dia- 
Ineter  immewliat  less  than  the  barrel ;  so  that  when  they 
[an  Bcntwed  together,  a  piece  of  leather,  soaked  in  a  mix- 
[lare  of  boiled  oil  and  tallow,  is  put  between  them ;  and 
the  piston  is  thnist  into  the  borrcl  from  above,  die 
'Wther  comes  up  around  the  side  of  the  piston,  and  fills 
itho  barrel,  making  the  piston  perfectly  air-tight.  The 
!r  half  of  tiie  piston  projects  upwards  into  the  upper, 
,whi(^  has  a  hollow  gb  c  gXo  receive  it.  There  is  a  small 
liatc  through  tlic  luvrer  half  at  a  to  admit  the  air ;  and  a 
half  to  let  it  through,  and  there  is  a 
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and  there  b  room  [?nou^  left  albcfot  this  vilnin^l 
little  when  pressed  I'rom  below,  llic  rod  6H  om  I 
through  the  piece  of  brass  which  fbnns  the  lop i^ it^ ]^ 
ml  90  BS  to  move  freely,  but  without  aiiy  UDallii^. 
this  top  is  fbimed  iato  a  hollow  boi,  ooniiiti^gfim 
pieces  £CDF  and  CNOD,  whidi  screw  tc^diettQL 
Tlua  box  is  filled  with  rings  of  oiled  leather  eunlj  i^ 
to  its  dismeter,  eadi  having  a  hole  in  it  for  the  nd  U|b 
thntngfa.  When  the  juece  ECDF  is  serened  itn,  i 
oovipceses  the  leathers ;  squeezing  (hem  to  the  rod, nit 
■o  air  can  pass  between  them  ;  and,  to  secure  ui  ^i 
wR  k^ns  of  air,  the  upper  part  is  formed  intoaoifEl, 
vtich  is  kept  6Ued  with  oil. 

The  top  of  the  barrel  is  also  yuerced  with  i  Intt  Li, 
whidi  lisGB  abore  the  flat  Burtitcc  NO,  and  hisi  i^^ 
oikd  alk  tied  over  it  to  act  as  a  valve ;  gpa 
proaed  from  below,  but  shutting  vben  piwei  te 
abore. 

The  oDouBuiucatioa  between  the  barrel  and  i 
■Hie  bjr  hmwu  of  the  jape  ABPQ ;  and  there  gnfai 
the  hole  K  in  Ibe  (op  of  the  barrel  a  ppe  KRST>  iU 
citbtf  ooaanumicates  with  ihe  open  air  or  willi  tlic  reoi^ 
hf  Bcans  of  tbe  cock  at  iis  extreniitj  T.  Tbe 
pipe  ABPQ  bas  also  a  oock  at  Q,  by  which  it  'n 
II— iiwiMcale  eitber  with  the  recdrer  or  with  tbe  ( 
Tboe  I  lifii  I II  id  oxamunicBtioQ  are  vanousl;  aaiitd 
aid  Igfi—ied.  aceonbiig  to  the  views  of  Uie  vaita:  il 
ikctcb  is  ibis  ^uie  is  sufficient  for  explaining  tbe  jn* 
fkt,  ami  is  suited  to  the  general  forni  of  tlie  pamf,  ui 
I  bv{oaitly  made  by  Nainie  and  other 


Let  UB  Dov  suppose  (be  pstou  at  tbe  top  d*  the  tm^ 
ndtfau  it  applies  to  it  all  over,  and  that  theiiritiki 
ror       -  -  -  -  •.   fjy^jj  .  'm  ^jj^  connDoa  nuop  ■ 

p  -  ' :  hard  down  by  the  atmosfhat,  ■• 

tbe  futon  ge(fi  iar  Amu, 
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■Mr  below  it  beyond  its  natural  state,  and  enables  it  to 
lorce  lip  the  VBlves.  But  liere,  as  sooa  as  the  piston  quits 
<  tbe  top  of  the  barrel,  it  leaves  a  void  behind  it ;  for  no  air 
'  gets  in  round  the  piston  rod,  and  the  valve  at  K  is  shut  by 
'  Uie  pressure  of  the  atmosphere.  There  is  nothing  now  to 
appose  the  elasticity  of  the  air  below  but  the  sUffnetts  of  the 
,  ralve  be;  and  thus  the  expelling  (or  more  accurately  the 
fiberating)  force  is  prodigiously  increased. 

Tbe  superiority  of  this  construction  will  be  best  seen  by 
■n  example.  Suppose  the  stiffness  of  the  valve  equal  to 
ibe  weight  of  j^  of  an  inch  of  mercury,  when  ttie  barometer 
ststids  at  30  inches,  and  that  the  pump  gage  stands  at 
S9-9 ;  tben,  in  an  ordinary  pump,  the  valve  in  the  pisloa 
will  not  rise  till  the  piston  has  got  within  the  300th  part  of 
tlie  bottom  of  the  barrel,  and  it  will  leave  the  valve-hole 
filled  with  air  of  the  ordinary  density.  But  in  this  pump 
ibe  valve  will  rise  as  soon  as  the  piston  quits  the  top  of  the 
barrel ;  and  when  it  is  quite  down,  the  valve-hole  a  will 
oontran  only  the  300th  part  of  the  air  which  it  would  have 
ooatained  in  a  pump  of  the  ordinary  form.  Suppose  fur- 
ther, that  the  barrel  is  of  equal  capacity  with  the  receiver, 
ami  that  both  pumps  are  so  badly  constructed,  that  the 
^lace  left  iwlow  the  piston  is  the  300th  part  of  the  barreL 
In  die  common  pump  tlie  piston  valve  will  rise  no  more, 
and  the  rareliu:tion  can  be  carried  no  farther,  however  de- 
ilicBte  tbe  barrel  valve  may  be ;  but  in  this  pump  the  next 
itioke  will  raise  tlie  gage  to  SS-S-^,  and  the  piston  valve 
.will  again  rise  as  soon  as  the  piston  gets  half  way  down  the 

I  The  limit  to  the  rarefaction  by  thb  pump  depends 
|diiefly  on  the  space  contained  in  the  hole  LK ;  and  in  the 
i^Mce  bed  of  the  piston.  When  tlic  piston  is  brought  up 
to  ihe  top,  and  applied  close  to  it,  tliose  spaces  remain 
filled  with  the  air  of  the  ordinary  density,  which  will  ex- 
pand as  tiie  piston  descends,  and  tlius  will  retard  the  opcn- 
i  the  iHAton  valve.     Tlie  mreliiction   will  slop  wlwa 
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the  daMiei^  of  this  tttaU  quantity  ot'  air,  expataftd  co  i 

to  fill  the  whola  barrel  (by  the  descent  of  the  piston  to  tt 
bottom),  is  just  equal  to  the  force  reqvuidte  fat  t 
the  piston  VKlve. 

Another  advantage  attending  this  oomtruction  is,  tl 
drawing  up  the  piston,  ire  arc  not  refOslcd  by  tbe  wbi 
pressure  of  the  air ;  because  the  ur  is  rarefied  above  ll 
piston  as  well  as  below  it,  and  the  pistm  is  in  prectaily  i 
aame  state  of  pressure  as  if  connected  with  another  ] 
in  a  double  pump.  The  resistanco  to  the  a«nit  of  ti 
jnaton  is  the  excess  of  the  elasticity  of  the  air  abore  ita 
the  elasticity  of  tbe  air  below^ :  thia,  toward  the  end  a 
rarefaction,  is  very  email,  while  the  piston  is  aoor  the  b 
torn  of  tlic  barrel,  but  gradually  increases  aa  tha  [ 
riees,  and  retluceft  the  air  above  it  into  smaller  c 
and  becomes  equal  to  tbe  pressure  of  the  atmoi 
the  air  above  the  piston  is  of  the  common  dent 
should  raise  the  piston  etiii  farther,  we  must  c 
iur  above  it :  but  Mr  Smeaton  has  here  made 
the  air  by  a  small  hole  in  the  top  of  the  baireJf* 
with  a  delicate  valve.  This  allows  the  air  to  oseapt,  anl 
shutfl  sgaiii  as  soon  as  the  piston  bc|^ns  to  Ltsfcend,  !«>*• 
iRg  almost  a  perfect  void  behind  it  as  before. 

This  pump  has  another  advantage.  It  may  be  changid 
in  a  moment  from  a  rarefying  to  a  condensing  engiotp  bj 
simply  turning  the  cocka  at  Q  and  T.  White  T'4 
nicates  with  the  open  air  and  Q  witti  the  reoeivai^^ 
rarefying  engine  or  air-pump :  but  when  T  c 
with  the  receiver,  and  Q  with  the  open  air,  it  is  a  o 
■og  engine. 

Fig.  S6.  represents  Mr  Smeaton's  ab-pomp  ai  it  t 
usually  made  by  Naime.  Upon  a  solid  base  or  t 
*t  up  three  pillars  F,  H,  H:  tlie  pillar  P  mpf 
pump-plate  A  ;  and  the  iinllars  H,  H,  support  tlie  firoDtfll 
head,  containing  a  brass  cog-wheel,  wbich  ia  turned  by  i 
bRBdle  B)  and  works  in  the  rack  C  fiatcned  to  tfas  u 
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EBw  Ibe  piston  rod.  The  whole  is  Btitl  farther  steadied 
hy  two  pieces  of  brass  c  b  &iid  o  k,  nhich  connect  the  pump- 
pbte  with  the  front,  and  liave  perforatioiis  coQimunicnting 
Intw^m  the  hole  a  in  the  middle  of  the  plate  and  the  tnr- 
'it\,  M  wiU  be  described  immediately.  D  £  is  the  barrel 
of  Uie  pump,  (irmly  fixed  to  the  table  by  screws  througli 
its  upper  flanuh;  efdc  is  a  slender  brBSs  tube  screwed  to 
the  bottom  of  the  barrel,  and  to  the  tinder  hole  of  the  hon> 
■onliil  canal  cb.  In  this  canal  there  is  n  cock  which  opens 
m  omnmunication  between  the  barrel  and  the  receiver,  when 
ihe  key  is  in  the  poution  represented  here :  but  when  the 
key  ia  at  right  angles  with  this  positioDT  this  conirounioi- 
tioo  H  cut  qW.  If  that  side  of  the  key  which  is  here  drawn 
ant  to  tile  pump-plate  be  turned  outward,  the  external  air 
is  admitted  into  the  recover ;  but  if  turned  inward^  tint 
air  is  admitted  into  the  barrel. 

gh  is  another  slender  brass-pipe,  leading  from  the  dis- 
dtarging  valve  at  g  to  the  horizontal  canal  h  k,  to  the  un- 
der nde  of  which  it  is  screwed  fast.  In  this  horizontal  ca* 
mi  there  is  a  cock  n  which  opens  a  passage  from  the  barrel 
Id  the  receiver  when  the  key  is  in  the  position  here  drawn  i 
but  opens  a  passage  from  the  barrel  to  the  external  air  when 
the  key  is  turned  outwards,  and  from  the  receirer  to  the  ex- 
ternal lur  when  the  key  is  turned  inwards.  This  communica- 
licNi  with  Ihe  external  air  is  not  immediate,  but  through  a 
■ort  of  box  i ;  the  use  f^  this  boicis  to  receive  the  oil  which 
h  diflchargrd  through  the  top  valve  g.  In  order  to  keep  tha 
pump  ti^ht,  und  in  working  order,  it  is  proper  sometimea 
to  pour  a  table-icpoont'ul  of  otive^l  into  the  bole  a  of  the 
pump-plate,  and  then  to  work  the  pump.  The  oil  goes 
aking  the  conduit  b  c  dfe,  gels  into  the  barrel  and  through 
lb*  pinon-vatve,  wf len  the  piston  is  pressed  to  the  bottom 
df  the  banrl,  and  is  then  drawn  up,  and  forced  through 
the  ditchat^ing  ralveg'^cOg  the  pipc^A,  the  horizontal 
pcissogn  A  n,  and  finally  into  the  box  i.  This  box  has  a  uimll 
JL^ia  iu  aide  near  the  top,  through  tHiicfa  the  air  escapes. 


PVKtIHATIC*. 


From  the  upper  side  of  the  canal  c  &  there  rues  ■  J 
pipe  wliich  bends  outward  and  then  turns  dowawardii,  imd 
is  joiiied  to  a  Email  box,  which  cannot  be  seen  in  this  View. 
From  the  bottom  of  this  box  proceeds  downwards  the 
gage-pipe  o(  glass,  which  enters  the  eastern  of  mercury  G 
fixed  below. 

On  the  upper  side  of  the  other  canal  at  o  is  seen  s  null 
stud,  having  a  short  pipe  of  glass  projecting  honmntally 
from  it,  close  by  and  poraQcl  to  the  front  piece  of  the 
pump,  and  reaching  to  the  other  canal.  This  pipe  b 
close  at  the  farther  end,  and  has  a  small  drop  of  t 
or  oil  in  at  the  end  o.  This  serves  as  a  gage  in  < 
ing,  indicating  the  degree  of  condensation  by  the  place  of 
the  drop :  for  this  drop  is  forced  along  the  pipe,  condou- 
ing  the  air  before  it  in  the  same  degree  that  it  is  condensed 
in  the  barrel  and  receiver. 

In  constructing  this  pump,  Mr  Smeaton  inbroduced  i 
method  of  joining  together  the  dlFerent  pipes  and  other 
pieces,  whicli  has  great  advantages  over  the  usual  i 
of  screwing  them  together  with  leather  between,  andwfaid) 
is  now  much  used  in  hydraulic  and  pneumatic  engines.  We 
shall  explain  this  to  our  readers  by  a  description  of  the 
manner  in  which  the  exhausting  gage  is  joined  to  the  hck 
montal  duct  ib. 

The  piece  h  %p,  in  Fig.  24  is  the  same  with  the  little* 

^■lindcr   observable  on  Ae  upper   side   of  the 

tal  canal  c  d,   in  Fig.  26.     The  upper  part  A  »  is  fanned  . 

into  an  outside  screw,   U>  fit  the  hollow  screw  of  the  ] 

deed.     The  top  of  this  last  pece  has  a  hole  in  its  n 

r  giving  an  easy  passage  to  the  bent  tube  cba,  so  as  to  slip 

[  along  it  with  ireedom.     To  the  end  c  of  this  bent  tube  • 

I  IB  soldered  a  piece  of  brass  c^ff,  perforated  in  continmdiBt]  ' 

r  of  the  tube,  and  having  its  end  ground  flat  on  the  lop  of^ 

I  die  piece  hip,  and  also  covered  with  a  silp  of  thin  leAtfaer 

I  Arainetl  across  it  and  pierced  with  a  hole  in  the  middle. 

It  is  phiin  from  this  form,  that  if  the  9uttanxyg  he  Bp- 
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^^Ed  to  the  top  of  A »,  mid  the  cover  deed  be  screwed  , 
(town  on  it,  it  tciU  draw  or  press  tlicui  togetlier,  bo  that  no  J 
air  can  escape  hy  the  joint,  nnd  tJtis  without  turning  the  I 
whole  tube  cba  round,  as  is  neceasoiy  in  the  uhub-I  wAy..^ 
This  method  is  now  adopted  for  jointng  togetlier  the  coih  m 
ducting  pipes  of  the  machines  for  extinguishing  firm,  Jin  J 
operation  wliich  was  extremely  troublesome  before  tliif^ 
uaprovement.  •  j 

The  conduit  pipe  E  efc  (Fig.  S6.)  is  fastened  to  thft  J 
bottom  of  the  barrel,  and  the  discharging  pipe  ^  A  to  ita  j 
lop,  in  ihc  same  manner.  But  to  return  to  tlie  gage  :  the  J 
bent  pipe  cba  enters  the  has.  s  t  near  one  side,  and  ob*  J 
tiquely,  and  ihe  gage-pipe  qr  is  inserted  tliruugh  its  boU  J 
lom  tuwards  the  opposite  side.  The  use  of  this  box  is  (a  J 
catch  any  ilrops  of  mercury  which  may  sometimes  be  daslw  >J 
ed  up  through  the  gage  pipe  by  an  accidental  osciilation.  J 
This,  by  going  through  the  passages  of  the  pump,  would  i 
corrode  them,  and  would  act  particularly  on  the  joiut^J 
which  are  generally  soldered  with  tin.  When  this  liappenii  -d 
to  an  air>pump,  it  must  be  cleaned  with  the  most  scrupu^jfl 
lous  attenlion,  otherwise  it  will  be  quickly  destroyed.         «J 

This  accountof  Smeaton's  pump  is  suffident  for  enabling  J 
the  leader  to  understand  its  operation  and  to  see  it^  supe^,^ 
riority.  It  is  reckoned  a  very  fine  pump  of  the  ordinary,  I 
ciHistrucUon,  which  will  rarefy  SOO  times,  or  raise  the  gage  J 
to  Sd.85,  the  barometer  standing  at  30.  But  Mr  Smeatol^  J 
found,  that  his  pump,  even  after  long  using,  raised  it  ti^J 
29.95,  which  wc  consider  as  equivalent  to  rarefying  60Ct^ 
timea.  "When  in  fine  order,  he  found  no  bounds  to  its  rOfi  J 
refacUon,  frequently  rmsing  the  gage  as  high  as  the  baro-,  J 
meter;  and  he  thought  its  performance  bo  perfect,  tha^  J 
the  barometer-gage  was  not  sufficiently  delicate  for  ine»^  I 
niring  the  rarefaction.  He  therefore  substituted  the  sy^  | 
pboo-gage  already  described,  which  he  gives  some  reasontj 
for  preferring;  but  even  this  he  found  not  sufficiently  scihj 

-Bblfi. - J 
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vb^coaU  fe  I 


VT.)*  of  a  pur  JufK,  and  «u  iberdbn  oBed  Ai  paa 
gl^     This  hod  a  (mall  pn^eetiiig  onficr  «  1,  altt 
tba  odMr  sad  a  tube  CD,  irboM  capKstT  was  tW  hMdatt 
fan  of  tbecapaeov  of  ifae  wliole  vcaaL     llv  ^i 
pcDdedat  thed^vireof  the  ncmvr,   awl  tihaaw 
below  h  a  snail  cup  with  raacmT.     When  dm  f^f 
worked,  Ac  «r  in  ihft  peaf-gage  «aa  larafiad  abogi 
ikenaL     Wbea  ttie  lanfiMlitai 
gree  kHaded,  dw  gage  na  W 
hrttoH  of  the  mmmmj.    Thr 
H,  ifaa  MMCvj  awDBHcd  into  I 
h^UB^tbcubcCIX     The  Ingih  frf  dbsMbi 
Anded  into  100  parts,  and  dkoee  nnaibcaBd  fan  {1^  iti 

crideat    that   :j-^  will  erpcss  ili^  degree  of  r 


en  th»  sagvna  mm 
woiheBanBT;ortfDChexl,ar  tbevhde^i 
av)  be  (fivided  iMa  100  fHtt  W  B  mle  aaaoiad  la  ■!,< 
anic  of  the  nh,  ,9  ha  T«ln  oTtlM 


r^hk  pMp  dbow  d  ocfaan,  fa*  « 
*iteim«galailia  whM^  WaiaUaatcK{daiii,atd«i«  ' 
of  r^miqiaiAiau.  betmrs  the  pnv  ^  ibe  I 
^^^hkhptmledbB.  ThcrrTgagr  Jkiji^jyidi  . 
<^Mm  pradigioiB  iiiifi  UTiii,   vhoi  tl«  I 
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ill  every  thing  connectetl  witli  the  state  or 

Gooditution  of  elastic  fluids.     Mr  Nairne,  a  moet  ingeniaa* 

and   accurate  mak£r  of  phtlost^hical  instrument*,  nude 

,     maay  cut-ious  ei:penments  in  the  examination  and  comparW 

■on  of  Mr  Smcatoa's  pump  with  thoso  of  the  usual  coor 

struetion,  attending  to  every  circuaiatance  wliich  could  conr 

tribute  to  the  inferiority  of  the  conunon  pumps  or  to  tii^ 

im|miventeiit,  so  as  to  bring  them  nearer  to  this  rival  n 

ujdiM     This  rigorous  comparisun  brought  into  view  wr   i 

^^^HUiircuni stances  in  the  constitution  of  tJie  atmosphend 

^^^Hsd  its  relalioii  to  other  bodies,  which  are  of  the  nu 

PVnaiBive  and  important  infiuencL-  in  the  operations  of  ■: 

I     tnre.     Wc  shall  notice  at  present  such  only  a»  have  8  relsa 

k    tm  to  thfl  operation  of  tlte  air-pump  in  extractifig  ms  < 

^Hfanthc  rtimver. 

^^■Hf  Nainie  found,  that  what  s  little  water,  or  even  «  bit 
^^nWp'^  damped  with  water,  was  exposed  under  tiie  rm  . 
'     CfltKer  of  Mr  Smeaton's  air-putnp,  when  in  the  most  perfeel  j 
oQaditioa,  raising  the  mercury  in  tlie  barometer-gage  to  j 
89.95,  be  could  not  moke  it  rise  above  S9.B  if  Fahrenhetttt 
UumiKimeter  indicated   the    temperature  47°,   npr  eboVC  j 
1^7  if  the  tlierntometer  stood  at  65"  i  and  tliat  to  briBg  j 
to  this  hei^t  and  ktep  it  there,  tJie  t^eratirai  of  j 
must  be  continued  for  a  long  time  af^er  tlie  wa^   i 
disapptorcd,  or  tlie  paper  become  perfectly  drfi 
found  that  adrop  of  spirits,  or  p^per  moistened  with 
I     ifnntfi,  eould  not  in  those  drcumstances  allow  the  mercury 
^■atbe  gage  to  rise  to  near  that  height;   and  that  aimiUe 
folbwed  from  admitting  any  volatile  body  whatever 
receiver  or  any  part  of  the  apparMus. 
■bowed  him  at  once  how  imprt^Kr  the  dlrectioiHi  1 
rfaich  had  twen  given  by  Gueriuhe,  BoyJci  Grave*  I 
and  others,  for  fitting  up  (he  air-pump  for  expert*  ' 
hy  soaking  the  leather  io  water,  covering  tlie  joints 
-,  or,  in  short,  admitting  water  or  any  other  vola- 
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He  therefore  look  hia  pumps  1o  pieces,  dcandAnrf 
all  the  moisture  which  he  could  drive  frais  than  bj  hM) 
and  then  leathered  them  anew  with  leather  mUiit 
mixture  of  olive-oil  and  tallow,  from  which  Ue  Mtif^ 
]ed  all  the  water  it  usually  contains,  by  boihag  ii  olfti 
first  frothing  was  over.  When  the  pumps  wen  kitAvf 
in  this  manner,  he  uniformly  found  that  Mr  iamA 
pump  rarefied  the  gage  to  S9-d5,  and  the  beK  comi 
pump  to  29.87,  the  tirst  of  which  he  computed  W  ■&« 
B  rarefaction  to  600,  and  the  other  to  230.  Botaiki 
state  he  again  found  that  a  piece  of  damp  paper,  Ut; 
wood,  &c.  in  the  receiver,  reduced  the  peffc 
same  manner  as  before. 

But  the  most  remarkable  phenomenoD  ww 
made  use  of  the  pear-gage  with  the  pump 
rooisturo,  it  indicated  the  same  degree  of  rarefiKtiMOJ 
the  barometer-gage :  but  when  be  exposed  a  Ul 
mcHitened  with  spirits,  and  thus  reduced  the 
the  pump  to  what  he  called  50,  the  bsroiiiete 
ing  at  Sg.  4,  the  pear-gage  indicated  a  mdadiaBi 
100,000 ;  in  short,  it  was  Dot  metsunble;  and  ' 
menoQ  waa  aimoat  coostanL     Whenever  be  e 
Mibotanoe  susceptible  of  evrnpondon,  he  fiMiod 
tioo  indicated  by  the  baroiiietcr-gagegKatly 
that  indiooed  by  the  pcar-g^e  was  prodigiuiMljr  i 
and  both  these eAects  weningre nanarkaUe aa  the 
was  rfeeaer  erapontiaD,  or  the  tcaapemaeitaf  thai 
tbedbamber  was  wanner. 

Tim  mufonn  remit  cagpaud  the  Inie 
bods  at  the  tampeiaiiiic  US,  that  ia.  it  ia 
into  a  npoor  wbkfa  is  pennanentljr  dnatie 

XiDpamUire,  and  ds  ihaiiiij  tiakiaiia  thr  prr ^' 

■QBosphese.     U  this  ptmauie  be  Jnwiithrd  by 

the  air  above  k, «  knfca-  tE^natme  will  now  aUowJI 

be  camitoJ  iMo  A^  <m«w  and  keep  it  m  tbatt 


Water  wiQ  btM  in  the 


racciTBr  oT  an  aH^-faanp  at  II 
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Iff,  or  even  under  it.  Philosophers  did  not  Oiink 
sminiDg  the  state  of  tlie  vapour  in  temperatures  lower 
what  produced  ebullition.  But  it  now  appears,  that 
tich  lower  heats  than  this  the  superficial  water  is  con- 
id  into  elastic  vapour,  which  continues  to  exhale  from 
long  as  the  water  lasts,  and,  supplying  the  place  of 
t  the  receiver,  exerts  the  same  elasticity,  and  hinders 
aercury  from  rising  in  the  gage  in  the  same  manner  as 
il<^  iiir  of  equal  elasticity  would  have  done- 
'ben  Mr  Nairne  was  exhibiting  these  experiments  to 
ionourable  Henry  Cavendish  in  1776,  this  gentleman 
med  him  tliat  it  appeared  from  a  series  of  expcri- 
Rof  his  father,  Lord  Charles  Cavendish,  that  when  wa- 
et  the  temperature  72",  it  is  converted  into  vapour, 
r  any  pressure  leas  than  three-fourths  of  an  inch  of 
ury,  and  at  41°  it  becomes  vapour  when  the  pressure 
I  than  one-fourth  of  an  inch :  even  mercury  cvapo- 
in  this  manner  when  all  pressure  is  removed.  A  dewy 
irance  is  frequently  observed  covering  tlie  inside  of 
ube  of  a  barometer,  where  we  usually  suppose  a  va- 
ft  This  dew,  when  viewed  through  a  microscope,  ap- 
to  be  a  set  of  detached  globules  of  mercury  and  up- 
^ntng  the  tube  so  that  the  mercury  may  ascend  along 
ne  globules  will  be  all  licked  up,  and  the  tube  become 

The  dew  which  lined  it  was  the  vapour  of  the  mer- 
eondensed  by  the  side  of  the  tube ;  and  it  is  never 
fed  but  when  one  side  is  exposed  to  a  stream  of  cold 
3in  a  window,  &c. 

I-  return  to  the  vapour  in  the  air-pump  receiver,  it 
bo  observed,  that  as  long  as  the  water  continues  to 
H,  «c  may  continue  to  work  the  pump ;  and  it  will 
ntmually  abstracted  by  the  barrels,  and  discharged  in 
am  of  water,  because  it  collapses  as  soon  as  exposed 
external  jiressure.  All  this  while  the  gage  will  not  in- 
I  My  more  rarefaction,  because  the  thing  immedialely 

i,bjr  (he  barometer-gage  is  diminisfud  tloitki^, 
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whicli  does  nM  happen  bere.  When  si)  Uk  J 
the  temperature  uf  the  room  can  keep  elastic  ■ 
ed  under  a  certmn  pressure,  suj^iose  i  an  ii 
ibe  gage  BtandiBg  at  S9.d,  the  vapour  which  imlBt  ^ 
receiver  expands,  and  by  ita  diminished  elulidtjiiKp 
riaes  and  now  some  more  water,  which  had  bet*  n 
to  bodies  by  chemical  or  corpuscuiar  sttraction,  i 
and  anew  supply  continues  to  support  the  gtgeiltp 
er  height ;  and  this  goes  on  continuaily  till  n 
been  abstracted :  but  there  will  remai 
can  take  away ;  for  as  it  passes  lUrough  the  h 
gets  between  the  piston  and  the  top,  it  succoBTdfa 
aea  into  water  during  the  ascent  of  the  pistoe,  i 
expsitdj  into  vapour  when  we  push  the  piston  donJ 
Whenever  this  happene  there  is  an  end  of  the  n 

While  this  c^>eration  Is  going  on,  tlieairoomaiN 
with  the  vapour ;  but  we  cannot  say  in  what  p 
If  it  were  always  uniformly   mixed   with  the  « 
would  diminish  rapidly ;  but  this  does  Dotaj^MUlal 
case.     There  is  a  certain  period  of  rarefaclioa  b  d 
tran^ent  cloudiness  is  perceived  in  the  receiver. 
watery  vapour  formed  at  that  d^ree  of  rarefacdnkfl 
led  with,  but  not  dissolved  in  or  united  with,  tbe« 
wise  it  would  be  transparent     A  similar  cloud  * 
if  damp  air  be  admitted  suddenly  into  an  exhi 
«r.     The  vapour,  which  formed  an  unifonn  t 
mass  with  the  air,  is  ^tber  suddenly  expanded,  a 
detached  from  the  other  ingredient,  or  ia  s 
by  the  air,  wliidi  expands  more  than  it  does.    WiJ 
affirm  with  probahiliiy  which  of  these  is  the  c« 
compoeitionsofair,  that  is,  air  londed  with* 
diHerent  substances,  exhibit  remarkable  diffeftoOilj 
respect.     But  we  see  from  litis  and  other  plie 
shall  be  mentioned  in  their  proper  places,  that  Aim 
vapour  are  not  always   intimately  united  ;  aad  ll* 
^'W*j4y*jr<  be  drawn  out   ttigetber  by  thr  mft 
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Jt  them  be  ever  so  confu!««dly  blimdeJ,  we  see  that 

Bie  air  must  come  out  along  with  the  vapour,  and  ita  quao- 
pty  mnahijiig  in  the  receiver  must  he  pmdigioiislv  dirai- 
Ashed  by  this  anaociation,  probably  much  more  than  ojuld 
^  bad  the  receiver  only  contained  pure  air. 
'  Lctns  DOW  con»der  what  must  happen  in  the  pear-gsge. 
La  the  ur  and  vapour  are  continually  drawn  off'  from  the 
feeriVer,  the  air  in  the  pear  expands  and  goes  off  with  it. 
Wt  shall  suppose  that  the  generated  vapour  hinders  the 
p^  &can  rising  beyond  S!).5.  During  the  cooUnued 
torkmg  of  the  pump,  the  air  in  t}ie  pear,  whose  elasticity 
i  O.ff,  slowly  nibces  with  the  vapour  at  the  mouth  of  the 
katf  and  the  mixture  even  advances  into  its  inside,  so  that 
Friw  pomping  be  long  enough  continued,  what  is  in  llie 
ia  nearly  of  the  same  composition  with  what  is  in  the 
',  consisting  perhaps  of  SO  parts  of  vapour,  and  one 
krt  of  air,  all  of  the  elasticity  ofO.5.  When  the  pear  is 
tanged  into  the  mercury,  and  the  external  air  allowed  to 
)A  into  the  receiver,  the  mercury  rises  in  the  pear-gage, 

sir,  the  vapour  having  collapsed  into  an  invisible 

1  of  water.     Thus  the  pear-gage  will  indicate  a  rare- 

OD  of  1200,  wh'de  the  barometer-gage  only  showed  60, 

Uf  showed  the  elasticity  of  tlic  included  substance  di- 

GO  times.     The  concJuuon  to  be  drawn  from  these 

(the  one  of  the  rarefaction  of  air,  and  the 

Iter  of  liic  diminution  of  elasticity)  U,  that  tlie  matter  with 

bidi  tbe  receiver  was  filled,  inmiediately  before  the  re-ad- 

ianmi  of  the  air,  consisted  of  one  part  of  the  incundcnsi. 

e  wr,  and  ,  or  SO  parts  of  watery  vapour, 

The  only  olwcure  part  of  this  account  is  what  relates  In 

e  win[)osition  of  the  matter  which  filled  the  pear-gage 

finrc  the  admission  of  the  mercury.     It  is  not  easy  to  see 

w  tile  vapour  of  the  receiver  comes  in  by  a  narrow 

coming  out  by  the  snme  paMBge- 


ul  leaves  not  : 
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Accordingly  it  requires  a  very  long  Ame  to  jmoduce 
extreme  rarefaction  in  the  pear-gage ;  and  there  are  grat 
irregularities  in  any  two'succeeding  experiments,  as  may  ba 
seen  by  looking  at  Mr  Naime's  account  of  them  in  the  FU- 
losophical  Transactions,  vol.  LXVII.     Some  vajpoars  q^ 
pear  to  have  mixed  much  more  readily  with  the  air  thin 
others ;  and  there  are  some  unaccountable  cases  when  vi- 
triolic add  and  sulphureous  bodies  were  induded,  in  whidi 
the  diminution  of  density  indicated  by  the  pear-gage  wu 
uniformly  less  than  the  diminution  of  elasticity  indicatfti 
by  the  barometer-gage.     It  is  enough  for  us  at  present  to 
have  estabUshed,  by  unquestionable  facts,  this  produetioB 
of  elastic  vapour,  and  the  necessity  of  attending  to  it,  both 
in  the  construction  of  the  ur-pump  and  in  drawing  tenhi 
from  experiments  exhibited  in  it 

Mr  Smeaton's  pump,  when  in  good  order,  and  perfiBcdf 
free  from  all  moisture,  will  in  dry  weather  rarefy  air  about 
600  times,  raising  the  barometer-gage  to  within  ^ot  ui 
inch  of  a  fine  barometer.  This  was  a  performance  so  mudi 
superior  to  that  of  all  others,  and  by  means  of  Mr  Naime's 
experiments  opened  so  new  a  field  of  observation,  that  the 
air-pump  once  more  became  a  capital  instrument  among 
the  experimental  philosophers.  The  causes  of  its  supeii- 
ority  were  also  so  distinct,  that  artists  were  immediatdy 
excited  to  a  farther  improvement  of  the  machine ;  so  that 
this  becomes  a  new  epoch  in  its  history. 

There  is  one  imperfection  which  Mr  Smeaton  has  not  at- 
tempted to  remove.  The  discharging  valve  is  still  apeOKi 
against  the  pressure  of  the  atmosphere.  An  author  of  tbe 
Swedish  academy  adds  a  subsidiary  pump  to  this  vslve^ 
which  exhausts  the  air  from  above  it,  and  thus  puts  it  iB 
the  situation  of  the  piston-valve.  We  do  not  find  that 
this  improvement  has  been  adopted  so  as  to  become  gen^ 
ral.  Indeed,  the  quantity  of  air  which  remiuns  in  the 
passage  to  this  valve  is  so  exceedingly  little,  that  it  does 
not  seem  to  merit  attention.     Supposing  the  valve-hole  i^i 

6 


PUBUMATiri.  SsPT 

ich  wide,  and  as  deep  (and  it  need  not  be  more),  it 
Kll  not  occupy  more  than  j,,f„^  part  of  a  barrel  twelve 
ichea  long  and  two  inches  wide. 

Mr  Stneaton,  by  his  ingenious  construction,  has  greatly 
lialied,  but  lins  not  annihitati  <i,  the  obstructions  to  the 
of  the  air  from  the  receiver  into  the  barrel.  Hia 
encouraged  farther  attempta.  One  of  the  first  and 
ingwiiouB  was  that  of  Professor  RusscI  of  the  Univer- 
tyat  Edinburgb,  who,  abont  the  year  1770,  constructed  a 

in  whicli  both  cocks  and  valvea  were  avoided. 
Thft  piston  is  solid,  as  represented  in  Fig.  28.  and  its 
tlirough  a  collar  of  leather  on  tlie  top  of  the  bar- 
This  collar  is  divided  into  three  portions  by  two  braaa 
I  a,  b,  which  leave  a  very  small  space  round  the  piston- 
d.  The  upper  ring  a  communicates  by  means  of  a  la* 
nl  perforation  with  the  lient  lube  /,  m,  n,  which  enters 
«  barrel  at  its  middle  n.  The  loM^r  ring  b  communicates 
Ith  ihe  bent  tube  c,  d,  which  communicateK  with  the  ho- 
pBssagc  d,  e,  going  to  the  middle  e  of  the  pump 
t.  By  ihe  way,  however,  it  communicatea  also  witli  a 
fter-gagc  p  o,  fitanding  in  a  cistern  of  mercury  o,  and 
with  a  glass  tube  close  at  the  top.  Beyond  e,  on 
(^ipoaite  circumference  of  the  receiver-plate,  there  is  a 
k  or  pi ug_/' communicating  with  the  atmoBphcrc. 
The  piston-rod  is  closely  embraced  by  the  three  collars 
leather  ;  but,  aa  already  said,  has  a  free  space  round  it 
tto  two  brass  rings.  To  produce  this  pressure  of  the 
to  the  pod,  the  brass  rings  which  separate  them 
!'  tnmcd  thinner  on  the  inner  side,  so  that  tlieir  cross 
itiaii  along  a  diameter  would  be  a  taper  wedge.  In  the 
le  of  the  piston-rod  are  two  cavities  q  r,  t  m,  about  one- 
itb  of  an  inch  wide  and  deep,  and  of  a  length  equal  to 
0  thickness  of  the  two  rings  a,  b,  and  the  intermediate 
Uar  of  leuthera.  These  cavities  are  so  placed  on  the 
ton-rod,  that  when  the  piston  ia  applied  to  the  bottom 
the  barrel,  the  cavity  t  aio   the  upper  end  of  the  rod 
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has  its  upper  end  opposite  to  the  ring  a,  and  its  lower  end 
opposite  to  the  ring  b,  or  to  the  mouth  of  the  pipe  ei. 
Therefore,  if  there  be  a  void  in  the  barrdf  the  air  from 
the  receiver  will  come  irom  the  pipe  c  d  into  the  avntj  b 
the  pi$t<M»od,  and  by  it  will  get  past  the  collar  of  leitlMr 
between  the  rings^  and  thus  wUl  get  into  the  small  intaw 
Btice  between  the  rod  and  the  upper  ring,  and  tiien  into 
thepipe/mn,  and  into  the  empty  barreL  Whcntfaepis- 
ton  is  drawn  up,  the  solid  rod  immediately  shuts  up  th» 
passage^  and  the  piston  drives  the  air  through  the  discbtij^ 
ing  valve  k.  When  it  has  reached  the  top  of  the  fasndi 
and  is  closely  applied  to  it,  the  cavity  jp  r  is  in  the  silnitioB 
in  wliich  i  s  formerly  was,  and  the  communicatian  is  agpia 
opened  between  the  receiver  and  the  empty  barrely  and  tbe 
air  is  again  di£Pused  between  them.  Pushing  down  die 
[uston  expels  the  ur  by  the  lower  discharging-fipe  and 
valve  hi;  and  thus  the  operation  may  be  continued. 

This  must  be  acknowledged  to  be  a  most  simple  and  in- 
genious construction,  and  can  nather  be  called  a  cock  nor 
a  valve.     It  seems  to  oppose  no  obstruction  whatever;  and 
it  has  the  superior  advantage  of  rarefying  both  during  the 
ascent  and  the  descent  of  the  piston,  doubling  t{ie  expedi- 
tion of  the  performance,  and  the  operator  is  not  opposed  by 
the  pressure  of  the  atmosphere,  except  towards  the  end  of 
each  stroke.     The  expedition,  however,  is  not  so  grest  as 
one  should  expect ;  for  nothing  is  going  on  while  the  pistflo 
is  in  motion,  and  the  operator  must  stop  a  while  at  the  end 
of  each  stroke,  that  the  air  may  have  time  to  come  through 
this  long,  narrow,  and  crooked  passage,  to  fill  the  hand- 
But  the  chief  difficulty  which  occurred  in  the  execution 
arose'  from  the  clammy  oil  with  which  it  was  necessary  to 
impregnate  the  collar  of  leathers.     These  were  always  in  a 
state  of  strong  compression,  that  they  might  closely  grasp 
the  piston-rod,  and  prevent  all  passage  of  air  during  the 
motion  of  the  piston.     Whenever  therefore  the  cavities  in 
the  piston-rod  come  into  the  situations  necessary  fpr  con- 


tver  uul  banvl,  thb  oil  i»  >queeie<i  mhi 
tbem,  And  choaks  them  up.  Hence  it  olvraya  happened 
thai  it  was  toine  time  oiler  the  stroke  before  the  air  could 
Cane  its  way  round  the  [ustoD-rod,  carrying  with  it  the 
oUminy  oil  whicli  choaketl  up  the  tube  Im  n;  and  when 
Uu  rarefrsction  hod  proceeded  a  certain  length,  the  diinl* 
waited  elasticity  of  the  air  was  not  able  to  make  its  way 
UiKMigb  these  obstructions.  The  death  of  the  ingenious 
authur  put  a  stop  to  the  improvements  by  which  lie  hoped 
to  remedy  this  defect,  and  we  have  not  heard  that  any 
oUlFr  person  has  since  att^npted  it.  We  have  inserted  it 
ban,  because  its  principle  of  construction  is  not  only  very 
ingenious,  but  enlJrL'ly  different  from  all  others,  and  may 
Ainiieh  very  useful  liints  to  those  who  are  much  engaged 
IB  the  construction  of  pnmunatic  engines. 

Id  the  7Jd  volume  of  the  Philosophical  Transaction^ 
Mr  Tiberius  Cavallu  lias  given  tlie  description  of  an  air« 
putnp  contrived  and  executed  by  Messrs  Haas  and  Hui^ 
ter,  instrument-makers  iii  London,  where  these  ortirta 
l»ve  revived  Guenckc^s  method  of  opening  the  barreU 
velvc  during  the  lost  strokes  of  the  pump  by  a  force  acting 
Inmi  without.  We  shall  insert  so  much  of  tliis  descriptioa 
at  relates  to  this  distinguishing  circumstance  of  ita  con^ 
Mruction. 

Fig.  'iG.  represents  a  section  of  the  bottom  of  the  barrd^ 
where  AA  b  tlie  barrel  and  BB  the  bottom,  which  has  in 
iu  middle  a  hollow  cylinder  CCFF,  projecting  about  half 
an  inch  into  the  barrel  at  CC,  and  extending  a  good  way 
downwards  to  FF.  The  space  between  this  projection  andi 
the  sides  of  till;  barrel  is  lilled  up  by  a  brass  ring  DD,  over 
the  top  of  which  IS  strained  a  piece  of  oiled  silk  £K,wluch 
purforuift  tlic  office  of  a  valve,  covering  the  hole  CC.  But 
itui  hole  is  iilitd  up  by  a  piece  of  brass,  or  rather  un  assera- 
bb^^ofpieees  screwed  logetlierGGHH II.  It  consists  itf 
tbivc  projecting  filleu  or  shoulders  GG,  HH,  II,  which 
livat  two  hollows  between  tlinii,  and  wliich  lire  611ed  with 
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rings  of  oiled  leather  00»  PP»  firmly  icrewed  tngeCha; 
The  extreme  fiUeU  GG,  11,  are  of  equal  diameter  with  the 
inside  of  the  cylinder,  io  as  to  fill  it  exactly,  and  the  whok 
stuffed  with  oiled  leather,  slide  up  and  down  without  allow- 
ing any  air  to  pass.  The  middle  fiUet  HH  is  not  m 
broad,  but  thicker.  In  the  upper  fillet  GG  there  is  focmcd 
a  shallow  dish  about  |  of  an  inch  deep  and  }  wide.  TUi 
dish  is  covered  with  a  thin  plate,  {neroed  with  a  gradiig 
like  Mr  Smeaton^s  valve-plate.  There  is  a  perfontioa 
VX  along  the  axis  of  this  jHece,  which  has  a  passage  oat 
at  one  side  H,  through  the  middle  fillet  Opposite  to  thii 
passage,  and  in  the  side  of  the  cylinder  CCFF,  is  a  hob 
M,  communicating  with  the  conduit  pipe  MN,  which  leadi 
to  the  receiver.  Into  the  lower  end  of  the  perforatioD  ii 
screwed  the  pin  EX,  whose  tail  L  passes  through  the  eip 
FF.  The  tail  L  is  connected  with  a  lever  RQ,  moveable 
round  the  j(nnt  Q.  This  lever  is  pushed  upwards  by  s 
spring,  and  thus  the  whole  piece  which  we  have  been  da* 
scribing  is  kept  in  contact  mth  the  slip  of  oiled  nlk  or  valve 
££.     This  is  the  usual  situation  of  things. 

Now  suppose  a  void  formed  in  the  barrel  by[  drairing 
up  the  piston,  the  elasticity  of  the  air  in  the  receiver,  in 
the  pipe  NM,  and  in  the  passage  XV,  will  press  cm  the 
great  surface  of  the  valve  exposed  through  the  grating, 
will  raise  it,  and  the  pump  will  perform  precisely  as  Mr 
Smeaton^s  does.  But  suppose  the  rarefaction  to  have  been 
so  long  continued,  that  the  ur  is  no  longer  able  to  raise  the 
valve ;  this  will  be  seen  by  the  mercury  rising  no  more  in 
the  pump-gage.  When  this  is  perceived,  the  operator 
must  press  with  his  foot  on  the  end  R  of  the  lever  RQ. 
This  draws  down  the  pin  KL,  and  with  it  the  whole  hoUow 
plug  with  its  grated  top.  And  thus,  instead  of  raising  the 
valve  from  its  plate,  the  plate  is  here  drawn  down  from  the 
valve.  The  air  now  gets  in  without  any  obstruction  what- 
ever, and  the  rarefaction  proceeds  as  long  as  the  piston  riseSb 
When  it  is  at  the  top  of  the  barrel,  the  operatcNT  takes  his  ibol 
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e  Wer,  and  the  spring  presses  up  the  plug  again 
And  shuts  tho  valve.  The  piston-rod  passes  through  a 
i.eollar  of  leather,  as  in  Mr  Smeaton's  pump,  and  tlie  air 
'it  finally  discharged  through  an  outward  valve  in  the 
^lop  of  the  barrel.     These  parts  iiave  nothiog  peculiar  in 


I  This  is  an  ingenious  contrivance,  similar  to  nhtit  was 
ibilopled  by  Gucricke  himself;  and  \\c  have  no  doubt  of 
fhne  pumps  perfurtning  extremely  well  if  carefully  made  : 
^•nd  il  seems  not  difficult  to  keep  tlie  plug  perfectly  ur- 
jtight  by  supplying  plenty  of  oil  to  the  leathers.  We  can- 
jpot  say,  however,  with  preciatoa  what  may  be  expected 
jfnna  it,  as  no  account  has  been  given  of  its  effects  besides 
Ijwlut  Mr  Cavitllo  published  in  the  Philosophical  Tramiac- 
jtioDs  1783,  where  he  only  says,  that  ivhen  it  had  been  long 
<U>ed,  it  bad,  in  the  course  of  some  experiments,  rarefied 
jEOO  limes. 

ii>  Aiming  still  at  the  removing  the  obstructions  to  the  en- 
Itry  of  the  air  from  the  receiver  into  the  barrels,  Mr  Prince, 
|«o  American,  has  constructed  a  pump  in  which  there  is  no 
^valve  or  cock  whatever  between  them.  In  this  pump  ihe 
ji^iton-rod  glasses  through  a  collar  of  leathers,  and  the  dr 
w  finally  discharged  through  a  valve,  as  in  the  two  last. 
iBut  we  are  chiefly  to  attend,  in  this  place,  to  the  commu- 
IniCBtiDa  between  the  barrel  and  the  receiver.  The  barrel 
iwidens  below  into  a  sort  of  cistern  ABCD  (Fig,  30.),  com- 
Ipnunicating  with  the  receiver  by  the  pipe  EF.  As  soon, 
jlberefbre,  as  the  piston  gets  into  this  wider  part,  where 

! there  is  a  vacancy  all  round  it,  the  air  of  the  receiver  cx- 
|MOd*  freely  through  the  passage  FEE  into  the  barrel,  in 
wtncb  the  descent  of  the  piston  had  made  a  void.  When 
th»  piston  is  again  drawn  up,  as  soon  as  it  gets  into  tlie  cy- 
l&Bdric  part  of  the  barrel,  which  itexactly  fills,' it  carries  up 
jlh*  ftir  before  ii,  and  expels  il  by  the  lop  valve ;  ami,  that 
i^ia  may  lie  done  more  completely,  this  valve  opens  into  a 
i  bami,  or  air-pump,  wboee  piston  is  riung  at  tJie 
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M  tunc,   Bud   therefore   ' 
(uhidi  ts  ihe  disch&rgiiig 
opens  with  the  aame  facihty  as  I 


While  tbe  piston  is 


Tctpadi 


into  the  barrel ;  and  when  the  piston  descends,  tbe  v  ii 
tbc  barrel  again  collapses  till  the  jnaton  gets  again  into  ifat 
cistern,  when  the  air  passes  out,  and  fills  the  mauki 
barrel,  to  be  expelled  by  the  piston  as  befbre. 

No  distiuL't  aceount  has  as  yet  been  given  of  ifae  perfin^ 
anoe  of  this  pump.  We  only  leam  that  great  laana^ 
ences  were  experienced  from  the  oscilhuions  of  the  Wfoagj 
in  the  gage.  As  soon  as  the  piston  crmies  into  the  cuto^ 
Ihe  air  from  the  recdver  immediately  rushes  iiitn  the  btt 
rel,  and  the  mercury  slioots  up  in  the  gage,  nod  pta  Mv 
a  state  of  osdllaiion.  The  subsequent  riae  of  llw  pMs 
will  frequently  keep  time  with  the  secood  i>5cillalifln,  mi 
increase  it.  The  descent  of  the  pi&ton  produce*  a  Aon. 
ward  oeciilation,  by  allowing  the  air  belov  it  tocoUipr; 
and,  by  improperly  timing  the  strokes,  this  ojcillatini !»■ 
comes  so  great  as  to  make  the  niercunr  enter  the  ponp. 
To  prevent  this,  and  a  greater  irregularity  of  iroriiiDg  u  i 
vondenser,  calves  were  put  in  the  piston  :  but  a^  (bemtt- 
(juire  force  to  open  cheui,  the  addition  secined  rather  lo  in- 
creuse  the  evil,  by  rendering  the  oiictllations  more  anui- 
taneous  wiUi  the  ordinary  rate  uf  working.  If  tbii  could 
be  got  over,  the  construction  seems  very  prouiUit^. 

It  appears,  however,  of  very  djificuk  execution.  It  im 
many  long,  ^L-nder,  and  crooked  passages,  which  nuul  be 
drilled  through  broad  plates  of  brass,  some  of  tfaem  v^ 
[learing  scara.-ly  practicable.  It  is  rare  to  find  {daus  ai 
other  pieces  of  brass  without  lur-liolca,  whicli  it  would  bt 
very  diilicult  to  tind  out  and  to  close  ;  aiKl  U  must  be  wj 
difficult  to  clear  it  of  obstructions :  so  tliat  it  appnn  n> 
ther  a  suggestion  of  Uieory  than  a  thing  wommled  by  iH 
actual  performance, 

Mr  Lavoisier,  or  Mine  of  the  ualuralUts  who  «CR  ■«■ 


pied  in  concert  with  fiim  in  the  iriv«RUgtttioa  of  Uie  dif- 
ferent species  of  gas  which  are  dJaeogaged  from  bodki 
in  the  courae  of  cfai^jicH]  operittioos,  has  contrived  an  air- 
pump  which  has  great  appearance  of  eimplicUj',  and,  l>e- 
iog  very  diflerent  from  aJl  others,  deserves  to  be  taken  no- 
of 

'A  consists  of  two  borrelfl  i,  m.  Fig.  SI.  with  solid  pi»- 
■  k  k.  The  pump-pUlc  u  i  is  pierced  at  its  w-ntre  e 
\  a  hole  which  branches  toward*  each  of  the  barrels,  as 
resented  by  cd,  ce.  Between  the  plate  and  the  bar- 
i  sUdea  another  plate  H  t,  pierced  in  the  middle  with  a 
i  hole^d^,  and  near  die  ends  with  two  holes  h  h, 
^  which  go  from  its  underside  to  tlie  ends.  The  holeu 
e  two  plates  are  so  adjusted,  that  when  the  plate  h  i 
a  drawn  so  far  towards  h  that  (lie  liole  t  caDies  wiLhiii  tlie 
hoiTel  m,  (he  branch  dfoi  the  hole  in  tlic  tniddlc  plato 
coincideH  with  the  branch  cdv{  the  upper  fAnle,  and  tJie 
lioltts  f,  g  are  shut.  Thus  a  conuauaication  is  established 
between  tlie  barrel  I  and  the  receiver  on  Uic  pun)p^)at«, 
and  between  the  barrel  m  and  the  external  air.  In  tliia 
siluation  the  barrel  /  will  exhaust,  and  m  will  discharge. 
When  the  piston  of  /  is  at  its  mouth,  and  tliat  of  m  toucbeti 
its  bottom,  the  sliding  plate  is  shifled  over  to  the  other 
side,  so  that  m  communicates  witli  die  receiver  through 
the  passage  gd,  e  c,  and  I  coumiunicntes  with  the  air  by  the 
passages  /(  h. 

It  is  evident  that  this  sliding  plate  performs  the  office 
uf  four  cocks  in  a  very  beautiful  and  simple  manner,  and 
thai  ii'  llie  pistons  apply  close  to  the  ends  of  the  borreU, 
so  as  (u  expel  the  whole  air,  the  pump  will  be  [Krfcct.  It 
vurltit,  indeed,  again&t  the  whole  pressure  of  the  external 
■ir.  But  this  may  be  avoided  by  putting  valves  on  the 
hole*  A,  •  1  and  these  can  do  no  harm,  because  the  air  re- 
anunhig  in  thoni  never  gets  back  into  the  barrel  till  the  pis. 
ton  be  at  tlie  farttier  end,  and  the  exhaustion  of  timt  ttroke 
.•anplcited.     Dut  the  best  nwkmeu  of  London  think  tjut 
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it  will  be  inooniparably  more  difficult  to  execute  dii«|< 
(for  it  is  s  cock  of  aD  unusna]  form),  ia  Btich  %  mtaut 
that  it  shall  be  air-tigbt,  and  yet  move  with  toiieniitam, 
■nd  thai  it  is  much  more  liable  to  weariDg  loose  dancM^ 
moa  eocLs.  No  accurate  accounts  have  been  receimd  of  iti 
performance.  It  mu§t  be  acknowledged  to  be  ingona^ 
Bod  it  may  suggest  to  an  intelligent  artist  a  metbodcf  ca»- 
binii^  oMtnioa  conical  cocks  upon  one  axis  ao  aa  «>«». 
■wer  the  same  purposes  much  more  effectually  ;  fat  ibb 
icnoa  we  have  interted  it  here. 

The  iaat  improTement  wbicb  we  shall  owntian  ii  ibri 
pnblisbed  by  Mr  Cuthbertsoo,  philosopliical  imliHiMt 
maker  in  Amsterdam.  His  pump  has  given  sudt  m> 
denoes  of  its  perfecdoD,  that  we  can  bartUy  expect  «t  nh 
for  any  llnng  nofe  eontplete.  But  we  ntnst  be  Jiatd 
to  obsenc,  befaiehand,  that  the  eame  ootislnictiaa  wtt'm- 
Tented,  and,  ia  pot,  ex«ctit«d  ttefore  the  end  of  1719^  bf ' 
Dr  Ikoiei  Rulherftxd,  now  profesaor  of  botany  in  (1k» 
veiaty  of  Edinbur^  vho  was  at  that  time  engaged  ■«» 
pmaoiis  OD  tbe  isodoctioa  of  mr  durit^  the  amab^m' 
of  bodies  in  eontaet  with  aiDc,  and  who  was  wdy  dot' 
oos  of  proCTwii^  a  nan  ecwplele  abatractiua  of  pue  mM 
natter  than  conld  be  effected  by  Hr  SntoKoa'a  paft ' 
The  ooatfiler  t^  this  article  had  ifacn  an  uppwiuaipfrf 
ptfwwng  the  Doctor's  disaertabon  oo  this  aubjcst,  wU 
was  read  In  tbe  Philosophical  Soae^  of  Edintni^k  la 
tUa  £saertaliBn  the  Dbctor  s^a  ai  i  Adr  apfaiawl  of  fti 
eiiWtiice  of  pnn  vital  air  m  the 
gndent,  and  as  the  caose  of  its  mc 
■loia,  and  to  want  bat  a  step  lo  the 

jtbeDaaeofMrLanM^.     Be 

^parf  dm  AttagwdmapiB^RABMiaitt 
f  ^td,  &rthii  [aiipitT  III  ataTiT  om^dhidf ' 
bmBtbenaml  iswbsfa  be  nljeelKl  it  *■  tsa^m^im, 
eieiy  particle  rf  rtMOc  mmrr.  TW  wakr  of  Ifea*  «te 
-    -f 
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^QPiriUi  some  clammy  matter,  which  sboutd  take  hold  of 
llie  bottom  valve,  and  ttarl  it  when  the  piston  was  drawn  ] 
upt  A  few  days  after,  the  Doctor  showed  him  a  drawing  J 
of  a  pump,  having  a  conical  metal  valve  in  the  bottom^  j 
fumislied  with  a  long  slender  wire,  sliding  in  the  inside  oC  ] 
the  piston-rod  with  a  gentle  friciion,  sutBcient  Tor  lifling,  1 
the  valve,  and  secured  ag^nst  all  chance  of  failure  hy  ft,  J 
spring  a-top,  which  took  hold  of  a  notch  in  the  inside  of- J 
the  piston-rod  about  a  quarter  of  an  inch  from  the  lower  4 
end,  60  as  certainly  to  hfc  the  valve  during  the  last  quap<  l 
ter  of  an  inch  of  the  piston's  motion.  Being  an  excellent  I 
mechanic,  he  had  executed  a  valve  on  this  principle,  axd,.  i 
was  fully  satisSed  with  its  performance.  But  having  I 
already  confirmed  his  doctrines  respecting  the  nitrous  add  I 
by  iucoDtrovertible  experiments,  his  wishes  to  improve  the  1 
ur-pump  lost  their  incitement,  and  he  thought  no  moi-e  of.] 
it;  and  not  long  after  this,  the  ardour  of  the  philosophers  1 
of  the  Tcylerian  Society  at  Hoerlem  and  Amsterdam  ex^  \ 
cited  tile  efforts  of  Mr  Cutlibertson,  their  instrumenUt] 
maker,  to  the  same  purpose,  and  produced  the  most  pe^ij 
feet  air-pump  that  has  yet  appeared.  We  shall  give  s  do-  A 
scription  of  it,  and  an  account  of  its  performance,  in  ttiQ  j 
^^tauplot's  own  words.  .  J 

^^^^K  CutJiberlson's  Air^Pump,  i 

^^^HMb  XI.  Fig.  is  32.  a  perspective  view  of  this  pump^  \ 
with  its  two  principal  gages  screwed  into  their  places^  j 
These  need  not  l>e  used  together,  except  in  cases  whei^  , 
the  utmost  exactness  is  required.  In  common  experimenU  J 
ooe  of  them  is  removed,  and  a  stop-screw  put  in  ils  place. .  J 
When  ihe  peor-gsge  is  used,  a  small  round  plalc,  on  whii^  J 
the  receiver  may  stand,  must  be  first  screwed  into  the  hole  1 
at  A  ;  but  this  hole  is  stopped  on  other  occasions  with  a  J 
acrcw.  When  all  the  three  gages  are  used,  and  the  re-  J 
ceiver  is  exhausted,  the  stop-screw  B,  at  \.\\c  bottom  of  the  I 
pUDip,  roust  be  unscrewed,  to  admit  the  air  into  the  rs>  J 
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0eit«r ;  bat  when  thef  arc  nol  aH  a 
nofMCfews  will  answer  this  purpose. 

Fig.  33.  repro^nts  a  crora-bar  for  preventing  tk  bamk 
from  being  shaken  by  workii^  the  pump,  or  by  aaj  mi- 
dent  Its  jibt-e  in  Fig.  3Z.  is  irpraentMl  by  ffae  i«kl 
Imes.  It  is  oQofined  IB  its  pUee,  aatd  keptdnwdsmcB 
the  bdrrdsbj  two  dips  oT  wood  NN.  wtiicfa  mtui  hi  ditn 
ODt,  as  wen  as  (he  screws  OO,  when  the  paiap  ii  la  hi 
taken  asoader. 

Plate  IX.  oQotnns  a  section  oT  all  the  wofteag  ^Hbtf: 
the  pmif)^  except  the  wheel  and  rwAf 

f%.  3Il  tsasfctianof  oDeoftlie  bamsb,  with  dl  ib  to 
tenal  parts;  «nd  Fig.  35,  3g,  37,  and  88, «» iniTi  ii  m  |— 
oftbeptrion,  proportioned  to  the  siae  of  the  bHiil*Mri 
to  ooe  another. 

In  F^.  M.  CD  represents  the  bunl,  F  the  «aftn  rf 
ksthcn,  6  a  hollow  cytiulrical  Toed  to  coauiii  ai.  Urn 
also  an  otl-vessri  to  recOTe  the  oil  wfaidt  »  drawn,  ^ 
with  the  air,  through  the  hole  a  a,  fhea  the  pafeAitJm 
upwuils :  and,  when  this  is  fiiU.  the  oil  is  f  iirf*W 
with  the  air,  akng  the  tube  T,  into  the  tAmmd  O.  <<ll 
a  wire  which  ts  drivea  upwards  &oa  the  bote  naif  At 
passage  cf  the  air ;  and  as  sooiias  tfab  hasesoqadfitlft 
down  ^ain  by  its  own  w^;fat,  dutts  i^  the  bole,  nd  pfr 
rents  all  retnm  of  the  air  into  the  hnncL  At  <J^atftK> 
ed  two  pieces  of  bnsa,  lo  keep  the  vn  ec  ina^rW 
£rectiaa;,  that  it  may  aceivaicJy  dint  the  hole:  Hba 
cyGadiica]  wire  or  rod  vhiefa  carries  the  fnilnn  I,  Miil 
■idnhoUow  B  receive  nlong  ^^ggi  whaeb  op^al 
simts  the  bete  L;  and  on  the  otl^  aid«^tfar  waaOh 


WwWAlkscalrB^tn.     Fi^Mns  35,  M,  Xr,  3S.  a 
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■erewed  a  nut,  which,  bj  stopping  in  the  narroweat  port  of 
the  hole,  prevents  the  wire  from  being  driven  up  too  fiir. 
This  wire  and  screw  are  more  dearly  seen  in  Fig.  3.5.  and 
M ;  they  sMe  in  a  collar  of  leather  r  r.  Fig.  35.  snd  38.  in 
die  middle  piece  of  the  piston.     Fig.  37.  and  38.  are  the 
two  mean  parts  which  compose  the  |nston,  and,  wh«i  the 
)B«ceB36.  and  39.  are  added  to  it,  the  whole  is  represented 
by  F%.  35.     Fig.  88.  n  a  piece  of  brass  of  a  conical  form, 
with  a  shoulder  at  the  bottom.     A  long  hollow  screw  is 
ant  ID  it,  about  ^  of  its  ten^h,  and  the  remainder  of  the 
hole,  in  which  thero  is  no  screw,  is  of  about  the  same  dia- 
meter with  the  screwed  part,  except  a  thin  plate  at  the 
end,  which  is  of  a  width  exactly  e()ual  to  the  thickness  of 
gg.     That  pan  of  the  inside  of  the  conical  brass  in  which 
no  thread  is  cut,  is  filled  with  oiled  leathers  with  holos, 
dirough  which  gg  can  slide  stiffly.     There  is  also  a  mate 
■crew  wilJi  a  hole  in  it,  fitted  to  ggy  serving  to  cninpresS 
die  leathers  rr.     In  Fig.  37.  aaaa  is  the  outside  of  tbi 
piston,  the  inside  of  which  in  turned  so  as  exactly  to  fit  the 
OBtode  of  Fig.  38.  b  b  are  round  leathers  about  GO  in  nuni.< 
ber,  cc  is  acircutarpieceof  brass  of  the  size  of  the  Jeatherg, 
and  (2  d  is  a  screw  serving  to  compress  them.     The  screw 
■t  the  end  of  Fig.  3fi.  is  made  to  6t  the  screw  in  Pig.  88; 
Now  if  Fig.  39.  be  pushed  into  Fig.  38.  this  into  Fig  37.  and  ' 
Fig.  3fi.  be  screwed  into  the  end  of  Fig.  38,  these  will  com- 
pose the  whole  of  the  piston,  as  represented  in  Fig.  35.   H 
in  Fig-  34.  represents  the  same  part  as  H  in  Fig.  35.  and  b  j 
tb«t  to  whidi  the  rack  is  fixed.     If,  therefore,  this  bC  1 
dnwn  upwards,  it  will  cause  Fig.  98.  to  shut  close  into  Figi  | 
37*  and  drive  out  the  air  above  it ;  and  when  it  is  pushed  | 
downward,  it  will  open  as  far  as  the  shoulder  aa  will  pei^  I 
lait,  and  suffer  air  to  pass  through.  AA  Fig.  40.  is  the  ret  * 
TOver  plate,   BB  is  a  long  scjnare  piece  of  bnus,  screwed 
into  the  under  side  of  the  plate,   through  which  a  hole  n 
drilled  corresponding  to  that  in  the  centre  of  the  rewHver- 
plllM  and  niih  three  female  screws,  b,  h,  c. 
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The  nuneractkm  of  the  air  ia  the  nocmrkcfateda 
follows : — Suppose  the  piston  at  the  battom  of  the  honl 
The  inside  of  the  barrel,  frcnn  the  top  of  the  palatoi^ 
contains  common  air.     When  the  rod  is  diawn  i^  Ai 
upper  part  of  the  piston  sticks  last  in  the  band  tiD  lb» 
nical  part  connected  with  the  rod  shuts  the  eonal  fa^ 
and  its  shoulder  applies  close  to  its  bottom.    Tke  piin 
is  now  shut,  and  therefore  the  vAofe  is  diawnip^Ai 
rack-work,  driving  the  ur  before  it  through  thekkia 
into  the  oil-vessel  at  R,  and  out  into  the  room  bftktiAi 

T.     The  piston  will  then  be  at  the  top  of  the  lanel  a  ^ 

and  the  wire  gg  will  stand  neariy  as  H'piesmiied  k  At 

figure  just  raised  from  the  hde  L,  and  pcevoted  bm 

rising  high  by  the  nut  O.     During  this  motioa  theorwi 

expand  in  the  reodver,  and  come  along  the  beat  vitm 

into  the  barrel.     Thus  the  barrel  will  be  filkd  viik  m^ 

which,  as  the  piston  rises,  will  be  rarefied  in  jnfarimm 

thecapadtr  of  the  receira-,  pipes,  and  barrel, ii to ikkfr 

rel  alooe.     When  the  piston  is  moved  down  agiiaklk 

rack.work,'it  will  force  the  conical  part.  Fig.  S&  ootofAi 

holiow  party  Fig.  ST.  as  far  as  the  shoulders  a  a ;  Fig.  Si 

wili  ivs:  on  a  a.  Fig.  ST.  which  will  then  be  sofiropaa 

to  permit  the  air  to  pass  freelv  through  it,  viule  a  At 

same  time  the  end  ofgg  is  forced  against  the  top  of  tk 

hole,  and  shuts  it  in  order  to  prevent  anysirfiai» 

timung  Idco  the  reoaver.     Thus  the  piston,  monngdot^ 

wards«  suffers  the  air  to  pass  out  betaeen  the  adcsof  Ff 

S7.  azki  38  ;  and,  vhen  it  is  at  the  bottom  of  the  binel,  Wl 

have  the  cvi^nian  of  air  above  it ;  and  ooasequemlv.  wifli 

drawn  upm&nis  ii  wi^  j^uu  and  drive  out  this  sir,  lod, 

hv  opening  -Jie  hole  L  ax  -^  same  time,  wiii  gireifiw 

pa&s.age  to  more  aL-  :V.  =i  Uie  receiver.     This  pixw  is 

i^  cxmibueo.  the  iir  ci   liie  r«tiver  will  be  lairfed  m 

Jar  ^  iu  ^xpiKMz-  j<Ts:c-  ^-iL'  pcrrn^.     For  in  tki*  » 

chine  -vherv  ane  ao  vi.Tcs  :j.  ce  i-ztom  cocnbviheebtiir 

otthe  air  in  -J^e  reefer,  whicii  ai  iass  ii  hmbktodA 
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tlierefore  nothing  to  prcveiit  tlic  air  from  expand- 
ing to  its  utmost  degree. 

It  may  be  suspected  here,  that  qs  the  air  must  escape 
Ihratigh  tJie  discharging  passage  oc,  Plate  XI.  Fig.  34. 
against  llie  pressure  of  a  column  of  oil  and  the  weight  , 
of  the  wire,  there  will  remain  in  this  passage  a  quantity  of 
air  of  considerable  density,  wliich  will  expand  agiun  into 
(he  barrel  during  the  descent  of  the  piston,  and  thus  put 
a  stop  to  the  progress  of  rarefaction.  This  ia  the  case  in 
Mr  Smeaton's  pump,  and  all  which  have  valves  in  the 
palMi,  But  it  is  the  peculiar  excellency  of  this  pump, 
litax.  whatever  be  tlic  density  of  llie  air  remaining  in 
Ct  the  rarefaction  will  still  go  on.  It  b  worth  while 
la  Im  perfectly  convinced  of  this.  Let  us  suppose  that 
Ibe  air  ountaioed  in  ac  is  jj,  part  of  tJie  common 
which  would  fill  the  barrel,  and  that  the  cajiacity 
of  the  barrel  is  equal  to  tliat  of  tite  receiver  and  passages, 
and  that  the  air  in  the  receiver  and  barrel  is  of  the  same 
dennty,  the  piston  being  at  tlie  bottfon  of  the  barrel.  The 
ill  therefore  contain  ,J§n  parts  of  lis  natural  quan< 
tity,  and  tho  receiver  ^^^g.  Now  let  the  piston  t>e  drawn 
np.  No  air  wilt  be  discharged  at  a  c,  because  it  will  ctm- 
the  whole  air  which  was  in  tlic  barrel,  and  which  has 
ROW  collapsed  into  its  ordinary  bulk.  But  this  does  not  in 
Iiinder  the  air  of  tlie  receiver  from  expanding  into 
|h«  barrel,  and  diffusiog  itxdf  equally  between  both.  £ach 
»iU  now  t-ontain  ^^^^  of  their  ordinary  quantity  when  the 
is  at  the  top,  and  a  c  will  contain  ^  £  ^  as  before,  or 
iASo*  Now  pudi  down  the  piston.  The  hole  L  is  in- 
Hanlly  shut,  and  the  air  in  n  c  expands  into  the  barrel, 
lod  the  Uwrel  now  contains  jH^-  When  the  piston  has 
Mcbod  tlie  Ixjtlom,  let  it  be  again  drawn  up.  There  will 
•  iAb  discharged  tlirough  c,  and  liie  air  in  the  receiver 
'ill  i^D  be  equally  distributed  between  it  and  the  barrel. 

^-      When  the 


e  tJie  reccivei 

Ml. 


sill  now  contain 
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piston  reaches  the  bottom,  there  will  be  tk^  in  the  barrel 

i\ 
When  again  drawn  up  to  the  top,  there  will  be  j^ 

discharged,  and  the  recover  will  contain  j^^ ;   and  wben 

the  piston  reaches  the  bottom,  there  will  be  ^rz^j^f  Alt  the 

next  stroke  the  receiver  will  contun  only  77^9  ^  ^ 


Thus  it  appears,  that  notwithstanding  the  yjgg 
always  expands  back  agun  out  of  the  hole  acintotbe 
barrel,  the  rarity  of  the  ait  in  the  receiver  will  be  doubled 
at  every  stroke.  There  is  therefore  no  need  of  a  mAif 
diary  air-pump  at  c,  as  in  the  American  air-pump,  and  in 
the  Swedish  attempt  to  impove  Smeaton^s. 
'  In  using  this  ur-pump  no  particular  Erections  are  necci- 
sary,  nor  is  any  peculiar  care  necessary  for  keeping  it  in 
order,  except  that  the  cnl-vessd  A  be  always  kept  about 
half  full  of  oil.  When  the  pump  has  stood  long  without 
being  used,  it  will  be  proper  to  draw  a  table-spoonful  d 
olive-oil  through  it,  by  pouring  it  into  the  hole  in  the 
middle  of  the  receiver-plate  when  the  piston  is  at  the  bol- 
tom  of  the  barrel.  Then  by  working  the  piston,  the  oH 
will  be  drawn  through  all  the  parts  of  the  pump,  and  the 
surplus  will  be  driven  through  the  tube  T  into  the  o3- 
vessel  G.  Near  the  top  of  the  piston-rod  at  H  there  ii* 
hole  which  lets  some  oil  into  the  inside  of  the  rod,  fdnek 
gets  at  the  collar  of  leathers  rr^  and  keeps  the  instgg 
air-tight 

When  the  pump  is  used  for  condensation  at  the  save 
time  that  it  rarefies,  or  separately,  the  jnece  containing  die 
bent  tube  T  must  be  removed,  and  Fig.  41.  put  into  it« 
place,  and  fixed  by  its  screws.  Fig.  41.  as  drawn  in  die 
plate,  is  intended  for  a  double-barrelled  pump.  But  fior  • 
single  barrel  only  one  piece  is  used,  represented  by  iaA» 


PMEOMATICS.  611 

le  {nece  being  cut  olF  at  ihe  dotted  line  a  a.  In 
this  piece  is  a  female  screw  lo  receive  tlie  end  of  a  long 
brass  lube,  to  wliicli  a  bladck-r  (if  aiiHicieni  for  the  experi- 
tnent  of  condensation),  or  a  glass,  properly  secured  for 
'  this  purpose,  must  be  screwed.  Then  tlie  air  which  is  ab- 
sdracted  from  tlie  receiver  oa  the  pump^plate  will  be  forced 
inlo  the  bljiddcr  or  glass.  But  if  the  pump  be  double,  the 
a)^>anitua  Fig.  41.  is  used,  and  the  long  brass  tube  screwed 
on  ate, 

Fig.  42.  and  43.  represent  the  two  gages,  which  will  be 
Hifiictenlly  explained  afterwards.  Fig-  42.  is  screwed  into 
I  e  b,  at  into  the  screw  at  the  other  end  of  c  Fig.  40,  and  Fig. 
[43.  into  the  screw  a  b  Fig.  41). 

' .  If  it  be  used  as  a  single  pump,  either  to  rarefy  or  con- 
dense,  the  screw  K,  which  fastens  the  rack  to  the  piston- 
rod  H,  must  be  taken  out.  Then  turning  the  winch  till 
B  is  depressed  as  low  aa  possible,  the  machine  will  be 
'  fitted  to  exhaust  as  a  single  pump ;  and  if  it  be  required 
'  lo  coodense,  the  direction  formerly  given  must  be  observed 
t  mlh  regard  to  the  tube  T  and  Fig.  42. 
'  "  I  took  (snys  Mr  Cuthbertson)  two  baro[neter-tubc&  rf 
I  in  equal  bore  witli  that  lised  to  the  pump.  These  were 
'  fiUed  with  mercury  four  times  boiled.  Tliey  were  then 
frampared,  and  stood  exactly  at  the  same  height.  The 
1  mercury  in  one  of  them  was  boiled  in  it  four  times  more, 
vithout  making  any  clrange  in  their  height;  they  were 
ibercforc  judged  very  perfect.  One  of  these  was  immersed 
,  in  ibc  eistern  of  the  pump-gage,  and  fastened  in  a  position 
pindlcl  to  it,  and  a  sliding  scale  uf  one  inch  was  attached 
to  iL  This  .scale,  when  the  gage  is  used,  must  have  its 
U{iper  edge  set  equal  with  the  Kurface  of  the  mercury  in 
die  boiled  tube  after  exhaustion,  and  the  dificrencc  bo- 
neen  the  licight  of  the  mercury  in  this  and  in  tlie  other 
barocneter-tube  may  be  observed  to  the  i^^  of  an  inch; 
and  being  close  together,  ho  error  arises  from  their  not  bc- 

Bclly  vertical,  if  they  arc  only  parallel.     This  gage 
btftter  understiKHl  by  inspecting  Fig.  43. 
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<<  I  used  a  second  gage,  which  I  shall  call  adooMe  sjr- 
phoiL — See  plate  XI.  Fig.  42.  This  was  also  prepar- 
ed with  the  utmost  care.  I  had  a  scale  tor  mmsanng 
the  diiFerence  between  the  height  of  the  columns  in  the 
two  legs.  It  was  an  inch  long,  and  divided  as  the  fir- 
mer, and  kept  in  a  truly  vertical  position  by  suspenda^ 
it  from  a  point  with  a  wdght  hung  to  it,  as  represented  in 
the  figure.  Upon  comparing  these  two  gages,  I  always 
found  them  to  indicate  the  same  degree  of  rarefactioo.  I 
also  used  a  pear-gage,  though  the  most  imperfect  of  all,  m 
order  to  repeat  the  curious  experiments  of  Mr  Naime  and 
others.^ 

When  experiments  require  the  utmost  raief^ng  powff 
of  the  pump,  the  receiver  must  not  be  placed  on  leather, 
either  oiled  or  soaked  in  water,  as  is  usually  done.    The 
pump.plate  and  the  edge  of  the  receiver  must  be  groond 
very  flat  and  true,  and  this  with  very  fine  emery,  that  ao 
roughness  may  remain.    The  plate  of  the  pump  must  then 
be  wiped  very  clean  and  very  dry,  and  the  receiver  nibbed 
with  a  warm  cloth  till  it  become  electrical.    The  lecdver 
being  now  set  on  the  plate,  hogVlard,  either  alone  or  mix- 
ed with  a  little  oil,  which  has  been  cleared  of  water  by 
boiling,  must  be  smeared  round  its  outside  edge.     In  tUs 
condition  the  pump  will  rarefy  its  utmost,  and  what  still 
remains  in  the  receiver  will  be  permanent  air.     Or  a  littk 
of  this  composition  may  be  thinly  smeared  on  the  puoip- 
plate ;  this  will  prevent  all  risk  of  scratching  it  with  the 
edge  of  the  receiver.     Leather  of  very  uniform  thiclmess, 
long  dried  before  a  fire,  and  well  soaked  in  this  composi- 
tion, which  must  be  cleared  of  all  water  by  the  first  boil- 
ing, will  answer  very  well,  and  is  expeditious,  when  re- 
ceivers are  to  be  frequoitly  shifted.     Other  leathers  should 
be  at  hand  soaked  in  a  composition  containing  a  little  rosin. 
This  gives  it  a  clamminess  which  renders  it  impenneaUeto 
air,  and  is  very  proper  at  all  jointo  of  the  pump,  and  dl 
apparatus  for  pneumatic  experiments.    As  it  is  impoasifale 
to  render  the  pear-gage  as  dry  as  other  parts  of  the  appa- 
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ttOxKt  iberc  will  be  generally  some  vaiiation  between  this 
ami  the  other  gages. 

When  it  is  only  intended  to  aliow  the  utmost  power  t£  \ 
the  pump,  without  intending  to  ascertain  the  quality  of 
the  Ksidnum,  the  receiver  may  be  set  on  wet  leather.  If, 
ia  this  condition,  the  air  be  rare£ed  as  fur  us  posuble,  tlie 
sypbuQ  and  barometer-gnge  wit)  indicate  a.  less  degree  of 
nreJAction  than  in  the  former  experiments.  But  when  tha 
•ir  is  let  in  again,  the  pesr^gage  will  point  out  a  rarefactioQ 
•one  thousands  of  times  greater  tlian  it  didJ[)efore.  If  the 
true  quality  of  permanent  air  aller  exhaustion  be  required, 
tbe  pi-ar-gnge  will  be  nearest  the  truth :  ibr  when  the  air  i« 
rufified  to  a  certain  degree,  the  moistened  leather  emits  an 
Bxpaaeihle  fluid,  which,  fiUing  the  recedver,  forces  out  tlie 
pertnanent  air  i  and  the  two  first  gages  indicate  a  degree 
of  exhaustion  which  relates  to  tlie  whole  elastic  matter  re* 
ouiiung  in  the  receiver,  via.  to  the  expansible  fluid  U^^ 
tbo-  with  the  permanent  ur  ;  whereas  tlie  pear-gage  points 
out  the  degree  of  exhaustion,  with  relation  to  the  perma* 
DCdt  air  alone,  which  remains  in  tlie  receiver ;  for  by  the 
pressure  of  the  air  admitted  into  tlie  receiver,  the  etastio 
Flpour  is  reduced  to  its  former  bulk,  which  is  impercep- 
tible. 

Many  bodies  emit  this  elastic  fluid  when  the  pressure  of 
lite  air  is  much  diminished ;  a  piece  of  leather,  in  its  ordi- 
a«ry  damp  state,  about  an  inch  square,  or  a  bit  of  green  or 
dry  wood,  will  supply  this  for  a  great  while. 

When  such  fluids  have  been  generated  in  any  experi- 
ments, the  pump  must  be  carefully  cleared  of  lliem,  for 
thqr  remain  not  only  m  the  receiver,  but  in  the  barrels 
and  possBges,  and  will  ag^n  expand  when  the  exhaustioa 
has  been  carried  far. 

The  best  metluid  of  clearing  the  pump  is  to  take  a  verjr 
r,  and  use  every  pn.-cautimi  to  exhaust  it 
ible.  Tlicn  the  expanbiblc  tnnlter  lurking  ui 
id  passes  will  be  difl'uscd  through  tjic  receiver 
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also,  or  will  be  carried  off  along  with  its  ut.  It  vffl^  1 
as  much  rarer  than  it  was  before,  as  the  &ggn^  Ofk  I 
dty  of  tlic  receiver  barrels  and  passes  is  larger  thn  ibl  d  I 
the  two  last.  1 

The  performance  of  the  pump  may  be  judgri  of  te  | 
the  four  following  experiments : — 

The  two  gages  being  screwed  into  thor  placo,  olfti  I 
bole  in  the  receiver-plate  shut  up,  the  prnnp  w«* 
exhanst  as  far  as  it  could.  Tbe  mercury  in 
the  syphoD  was  only  ^g  of  on  inch  out  of  tbe 
that  in  the  bmled  barometer-tube  ,'s  of  an  iodi 
ID  tbe  one  screwed  to  tbe  pump.  A  standard 
then  stood  at  30  inches,  and  therefore  the  pump 
tbe  peraanent  air  1900  times.  This  is  twice  aa  i 
Mr  Naime  fijund  Mr  Smeatoo's  do  in  its  beA  atale.  M 
CaTallo  seems  disposed  to  gire  a  favourable  (white  n^' 
suppose  il  a  just)  aceounl  of  Haas  and  Hutto^  fU^ 
and  it  appears  tieTcr  to  have  exceeded  6O0titnes.  ICrOw 
bertsoo  has  oAen  found  tbe  mercury  within  ilfCfi 
of  tbe  level  in  tbe  syphoD-gag^  indicating  a 

sooa 

To  one  <nd  of  a  glass  tube,  2  iDebes  diameW 

inches  long,  was  fitted  a  brass  cap  and  collar  of 
throi^  wUcb  a  wire  was  inserted,   reaching  ^mI  M 
tadMs  witluB  the  tube.     Tbis  was  connecled  with  AtoiE 
duolar  of  an  dedric  machines     The  other  end  m^ 
flatandsetoo  tbe  pump-plate.    When  the  gaga  ada 
a  lawfiMioB  of  300,  the  light  became  steady  and  viB 
of  a  pale  oolour,  ihoi^  a  bttte  tinged  with  pnrpfe;MI 
the  li^t  was  of  a  pale  du^l^-  white ;  when  1900  ■■  A 
paarcd  in  tbe  luddle  of  tt>e  tube,  and  the  tube 
ao  well  that  the  prime  anducior  only  gare  vpar 
aad  akat  n  to  be  aeatcely  penepdUeL     Afker  titiqf- 
(he  tnb^  and  lni^ill|l_  it  as  Ary  as  [iiaiiTiln.   it  w^ 
mnanlLd  with  the  ooodiKtee,  which  was giviEif  ifMOta 
imIm»I«^    Wbenibeair  in  il  was  rarefied  UaaHb' 
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I  tfgrfi  of  t)ie  unne  length.  Sometimes  a  pencil  of 
light  dartMl  along  the  tube  When  the  rarefiiction  was 
SO,  the  spark  did  not  exceed  an  inch,  and  light  streamed 
the  whole  length  of  the  tube.  When  die  rarefaction  waa  30, 
the  sparks  were  half  an  inch,  and  the  light  rushed  along  the 
lube  in  great  streams.  When  the  rarefaction  waa  100, 
the  sparks  were  about  |  of  an  inch  long,  and  the  light  filled 
the  tube  in  an  uninterrupted  body.  When  800,  the  ap- 
ptsnutcea  were  as  before.  When  600,  the  sparks  were  ,',, 
and  the  light  was  of  a  faint  white  colour  in  the  middle,  but 
thiged  with  purple  towards  the  ends.  When  1200,  the 
light  was  hardly  perceptible  in  the  middle,  and  was  much 
Cunter  at  the  ends  than  before,  but  s6ll  ruddy.  When 
]400,  which  was  the  most  the  pump  could  produce,  six 
mches  of  the  middle  of  the  tube  were  quite  dark,  and  the 
ends  free  of  any  tinge  of  red,  and  the  sparks  did  not  ex- 
ceed ,>o  of  an  inch. 

Althougli  this  noble  instrument  originated  in  Germany, 
■II  its  improvements  were  made  in  this  kingdom.  Both 
the  mechanical  and  pneiimatical  principles  of  Mr  Boyle's 
construction  were  extremely  different  from  the  Get-man, 
and,  in  respect  of  expedition  and  conveniency,  much  supe- 
rior. The  double  barrel  and  gage  by  Hawkesbee  were 
capital  improvements,  and  on  principle;  and  Mr  Smealon's 
method  of  making  the  piston  work  in  rarefied  air  made  a 
complete  change  in  the  whole  process. 

Aided  by  this  machine,  we  can  make  experiments  esta^ 
blisbing  and  illustrating  the  gravity  and  elasticity  of  the 
air  in  a  much  more  perspicuous  maimer  than  could  be  done 
by  the  spontaneous  phenomena  of  nature. 

It  allows  us  in  tlie  first  place  to  show  the  materiality  of 
air  in  a  very  distinct  manner.  Bodies  cannot  move  about 
in  the  atmospliere  without  displacing  it.  This  requires 
fone ;  and  the  resistance  of  the  air  always  diminishes  the 
Trlodty  of  bodies  moving  in  iL  A  heavy  body  therefore 
has  the  velocity  of  its  fall  diminished  ;  and  if  the  quaiilily 
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oTair  diqilaeed  be  very  greM,  the  diniftiKUiDO  wl  tw  «aj 
ODOsiderable.  This  is  the  reason  why  light  bodie^Niha 
fauhera,  fall  very  slowly.  Thar  moving  fent  it  qq 
■nil,  and  con  tfaetcTare  displace  a  gmi  quwri)  ttm 
only  with  a  very  imaU  Tdocity.  But  if  tbe  aiMthi^bl 
dropptd  in  vacmoj  when  there  k  no  air  to  be  d 
bib  with  the  whole  Telocitj  oompeleiit  to  ill  f 
Pig;.  M.  Plate  XII.  repreacnta  an  sppantua  ty  ^iA 
a  gman  aad  a  downy  ftatha- are  diro|if>ed  attbeaHlfr 
mamXf  t^nfiamig  iheftraep  wlucb  bokb  thcBbyHHi 
of  ihaiip-wiKin  tbetopoflhemeanw.  I/tkaibe^ 
rfkvihenrbasfaeaBpinnped  ouU  tbe  gtiiaaa  ad  litli 
tlMT  win  he  oboaned  to  roMh  the  boClnB  at  If 


^.  45.  wpwMla  aHNhcr  ^iiat—  tar  itnimlp 
■HBCk^.  It  tHwrnrnw  «f  WD  1» rf h— aa  i— f<% 
•epnie  axln,  in  the  MBner  of  windnill  wb.  Om^i 
hB  thor  cdps  phEn)  ia  the  dnctiMt  of  diar  i 
antini.  thMis,  in  a  plMie  Is  which  ibo  a»  iaf*ey 
kr.  The  phwa  «f  dK  othvaalpMilhni^d 
mi  ihrj  an  ilwufiai  iiMaiil  ■■  a  tfamlytoft 
■riiii  igfcwtKfclhayii 
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SiDoe  we  are  thus  immersed  in  a  gravitaliug  fluid,  it  {dn 
knra,  that  every  body  preponderates  only  with  the  cxce«|  1 
of  its  own  weight  above  that  of  the  air  which  it  displaces^  J 
Sot  every  body  loses  by  thia  immcnuon  liie  wejgbl  of  tfa^  J 
displaced  air.  A  cubic  foot  loses  about  5S1  grains  ijf^  I 
froaly  weather.  We  see  balloons  even  rise  in  the  air,  ^  4  j 
fiece  of  cork  rises  in  water.  A  mass  ol'  water  wliich  reolljf  - 
oocitaios  850  pounds  will  load  the  scale  of  a  balance  witl^ 
S40  oaly,  and  will  be  balanced  by  about  849 1  pounds  of  J 
bnutb  This  is  evinced  by  a  very  pretty  experiment,  le^  1 
preaeatcd  in  Fig.  i6.  A  small  beam  is  suspended  withii|,  I 
■  teoeiver.  To  one  end  of  tlie  beam  is  appended  a  tho^  J 
glass  or  copper  ball,  close  in  every  part.  This  is  balanc«4  I 
by  a  small  piece  of  lead  hung  on  the  other  arm.  As  th^  I 
■ir  is  pumped  out  of  the  receiver,  tlie  ball  will  gradually  T 
preponderate,  and  will  regain  its  equihbrium  when  the  aii;  | 
is  re-admitted. 

There  is  a  case  in  which  this  observation  is  of  conse*  I 
({Uence  to  the  philosopher :   we  mean   the  measuring  o{  | 
time  by  pendulums.     As  the  accelerating  force  on  a  peoj  I 
dulum  ia  not  its  wliole  weight,  but  the  excess  of  its  wcigb^  j 
ever  that  of  the  displaced  air,  it  follows  that  a  pendulun^  1 
will  vibrate  more  slowly  in  the  air  than  in  vacvo,    A  pei^  T 
duluai  composed  of  lead,  iron,  and  brass,  may  be  aboul(  j 
8400  times  heavier  than  the  air  which  it  displai:cs  whe^  ] 
the  barometer  is  at  30  indies  and  the  thermometer  at  3^^ 
sail  the  oocelerating  force  will  he  diminished  about  utno* 
This  will  cause  a  second  pendulum  to  make  about  fiv^ 
vibrations  less  in  a  day  than  it  would  do  in  vacuo,     Iq   | 
pnler  therefore  to  deduce  the  accelerativc  power  of  gr^f ' 
vily  from  tlie  lengtli  of  a  pendulum  vibrating  in  the  ai^  . 
we  must  make  an  allowance  of  i)"  ,11,  or  ^'^g  of  a  seconili 
per  day,  for  every  inch   that  tlic  barometer  stands  lowi 
inclii-s.    But  we  must  also  note  the  temperature  i 
;  because,  when  tlie  air  is  warm,  it  is  Ii'hh  dense 
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when  suiqportiiig  by  its  elasdcity  the  same  weight  of  at- 
mosphere,  and  we  must  know  how  mudi  its  density  is  di-  ; 
minished  by  an  increase  of  temperature.  The  OQrrectian 
is  stin  more  complicated ;  far  the  chafige  of  dennty  aSeets 
the  redstance  of  the  air,  and  this  affects  the  time  of  the 
idbration,  and  this  by  a  law  that  is  not  yet  well  ascertained. 
As  far  as  we  can  determine  firom  any  experiments  that 
have  been  made,  pt  appears  that  the  diange  arismg  from 
the  altered  renstance  takes  off  about  |  of  the  change  pro- 
duced by  the  altered  dennty,  and  that  a  second  pendohmi 
makes  but  three  vibrations  a-day  mate  in  vacuo  than  in 
the  open  air.  This  ba  very  unexpected  result ;  but  it  musk 
be  owned  that  the  experiments  have  ndther  been  numer* 
ous  nor  very  nicely  made. 

The  air-pump  also  allows  us  to  show  the  eflfecta  of  the 
air^s  pressure  in  a  great  number  of  anmsing  and  inatructife 
phenomena. 

When  the  air  is  abstracted  from  the  receiver,  it  if 
strongly  pressed  to  the  pump-plate  by  the  incumbent  at- 
mosphere, and  it  supports  this  great  pressure  in  conse- 
quence of  its  circular  form.  Being  equally  compressed  od 
all  sides,  there  is  no  place  where  it  should  give  way  rather 
than  another ;  but  if  it  be  thin,  and  not  very  round,  winch 
is  sometimes  the  case,  it  will  be  crushed  to  jneoes.  If  we 
take  a  square  thin  phial,  and  apply  an  exhausting  syringe 
to  its  mouth,  it  will  not  Ml  being  crushed. 

As  the  operation  of  pumping  is  something  like  suckii^, 
many  of  these  phenomena  are  in  common  discourse  ascrib- 
ed to  suction,  a  word  much  abused ;  and  this  abuse  mis- 
leads the  mind  exceedingly  in  its  contemplation  of  natural 
phenomena.  Nothing  is  more  usual  than  to  speak  of  the 
suction  of  a  syringe,  the  suction  and  draught  of  a  chimney* 
&c.  The  following  experiment  puts  the  true  cause  of  the 
strong  adhesion  of  the  receiver  beyond  a  doubt : 

Place  a  small  receiver  or  cupping-glass  on  the  pump- 
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mrering  tlic  cenlml  hole,  as  rGpreeented  in 
Fig.  47,  and  cover  it  with  a  larger  receiver.     Exliaust  the 
ur  fVom  it :  tbeo  admit  it  as  suddenly  as  possible.     The 
outer  receiver,  which  after  the  rarefaction  adhered  strong. 
ly  to  the  plate,  is  uow  loose,  and  the  cupping-glass  will  be 
fbuad  sticking  fast  to  it.    While  the  ntrefaction  vrss  going 
on,  the  air  in  the  small  receiver  also  expanded,  escaped  from  i 
it,  and  was  abstracted  by  the  pump.     When  the  exlemtl  J 
ait  was  suddenly  admitted,  it  pressed  on  the  small  receivcrV  I 
■nd  forced  it  down  to  the  plate,  and  thus  shut  up  all  entry.  T 
The  nnall  receiver  must  now  adhere ;  and  there  can  he  II 
suction,  for  the  pipe  of  the  pump  was  on  the  out^de  of  the 
euppiog.  glass. 

Tlus  experiment  sometimes  does  not  succeed,  because 
the  air  finds  a  passage  under  the  brim  of  the  cupping:-  I 
glaKS.  But  if  the  cupping-glass  be  pressed  down  by  the,] 
hand  on  the  greasy  leather  or  plate,  every  thing  will  b*  j 
made  smooth,  and  the  glass  will  be  so  little  raised  by  the  I 
evpamion  of  its  air  during  the  pumping,  that  it  w 
ly  clap  close  when  the  air  is  re-admittcd. 

In  like  manner,  if  a  thin  square  phial  be  furnished  with  j 
a  valve,  opening  from  within,  but  shutting  when  pressed  J 
fram  without,  aiid  if  this  phial  be  put  under  a  n 
Ihc  air  be  abstracted  from  the  receiver,  the  air  in  the  phial  ' 
will  expand  during  the  rarefaction,  will  escape  through  the  I 
valve,  and  be  at  last  in  a  very  rarefied  state  within  the 
pfainl.  If  tile  air  be  now  admitted  into  the  receiver,  it  wUI  ' 
press  on  the  flat  sides  of  the  included  phial,  and  crush  it  to  j 
[neces.     See  Fig.  48. 

If  a  piece  of  wet  ox-bladder  be  Iiud  over  the  top  of  a  roi  | 
ccSver  whose  orifice  is  atwut  four  inches  wide,  and  the  ait  | 
be  exhausted  from  within  it,  the  incumbent  atmosjAere  wiD  . 
press  down  the  bladder  into  a  hollow  form,  and  tiien  burst  I 
it  tnwanl  with  a  prodigious  noise.  Sw  Fig-  40.  Or  if  » 
fiece  of  tliin  flat  glass  be  laid  over  the  rocdvcr,  with  an 
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ciled  leather  betwecu  them  tu  make  the  jUDct 
tile  glass  will  be  broken  downwar<is.  This  i 
with  cautioii,  because  the  pieces  of  glass  t 
about  with  great  force. 

If  there  be  formed  two  hemispherical  cupsofbcm,wi 
very  flat  thick  biims,  and  one  of  them  be  fitted  «'itliaD(i 
and  stD[Mxick,  as  represented  hy  Fig>  SO.  theairini/&v 
distracted  tram  them  b;  scrcwiog  the  neck  into  tiw  kale  s 
the pumpplate.  To  prevent  the  insinuation  of  air,a 
of  oUed  leather  may  be  put  between  the  runs.  Nmrui 
screw  the  sphere  from  the  pump,  and  six  hooks  toncli,fl 
suspend  them  liom  a  strong  nail,  and  hang  a  scale  b  d 
lowest.  It  will  require  a  considerable  weight  to  m 
them ;  namely,  about  15  pounds  for  every  aquare  indii 
the  great  aide  of  the  sphere.  If  this  be  four  ii 
meter,  it  will  require  near  190  pounds.  This  jpeOj  » 
periment  was  first  made  by  Otto  Gueiickc,  and  oa  a  n 
great  scale.  Bis  sphere  was  of  a  large  aze,  osd,  «haci 
haoEted,  the  hemisj^^es  could  not  be  drawn  aaaia  Ig 
M  hordes.  It  was  exhibited,  along  with  many  (Atf, 
equally  curious  snd  magnificent,  to  the  Emperor  cfGff 
many  aod  his  court,  at  the  breaking  up  of  the  cbrtt/S^ 
tisbonio  iOSi. 

If  the  kMikd  ^^ringe  meutkioed  in  No  16.  be  ■«ifCDde4 
by  itspisbn  from  the  book  to  the  top  plate  oTtbencnmi 
as  in  Fig.  51.  and  the  air  be  dxiracted  by  thepitiDf^A| 
ijriti^  will  gndaally  dcscaid  (because  tbc  elasixily  rfi 
tar^  wfaidi  fonaerly  Vi""— *  (he  pressure  of  the  I 
^ibcni,  is  now  Jaimiia^ted  by  its  expaasioo,  and  is  tfaoda 
DO  logger  able  to  fnm  the  syringe  lo  tbe  ptstoo),  i 
viU  M  last  drop  oC  If  the  air  be  admiued  befac  d 
blH»f%  ibe  qni^  will  imnedkatelj  rise  agaiiL  

Sore*  •  dnt  faniB  ppe  iolo  tbe  neck  of  a  imafui 
Gf ,  OB  wfaadt  ik  ael  •  tall  mnrer,  and  inuoene  it  ii 
of  wMcr.     Oa  apamig  tbc  cork  the  i 


Itthe  air  ott  the  surface  of  the  watrr  in  the  cistern  wilt  forcr 
wic  up  through  the  pipc>  and  c&iiac  it  to  epout  into  the  re- 
caver  with  B  strong  jet,  because  tliere  is  no  lur  within  to 
^balance  by  its  elasticity  the  pressure  of  the  atmosphere. 
I^See  Fig.  52. 

It     It  is  in  the  same  way  that  the  gage  of  the  air-pump  per- 
is its  office.     The  pressure  of  the  atmosphere  raises  the 
BWreury  in  the  gage,  till  the  weight  of  the  mercury,  to- 
ilet with  the  remaining  elasticity  ofthe^r  in  the  receiver, 
in  ctjuiiibrio  with  the  whole  pressure  of  the  atmosphere: 
itenrfbre  the  height  and  weight  of  the  mercury  in  the  gage 
the  cxcesft  of  the  weight  of  the  atmosphere  above  the 
Midty  of  the  included  air;  and  the  deficiency  of  tliis 
ight  trom  that  of  the  mercury  in  the  Toriceliian  tube  is 
*  measure  of  tins  remaining  elasticity. 
If  a  Toriceliian  tube  be  put  under  a  tall  receiver,  as 
own  in  Fig,  53,  and  the  air  be  exhaufitc<I,  the  mercury  in 
Am  tube  will  descend  while  that  in  the  gage  will  rise ;  and 
sum  of  their  heights  will  always  be  the  same,  that  is, 
tqual  to  the  height  in  an  ordinary  barometer.     The  height 
of  the  mercury  in  the  receiver  is  the  effect  and  measure  of 
die  remaining  elasticity  of  the  included  air,  and  the  height 
IB  the  pump-gage  is  the  unbalanci-d  pressure  of  the  atmo. 
■phere.  This  is  a  very  instructive  experiment,  perfectly  m- 
|Ml*r  to  Mr  Auzout's,  formerly  mentioned,  and  complete- 
ly establishes  and  illusiratea  the  whole  doctnne  of  atm^v- 
liphcnc  pressure. 

We  get  a  umilor  illustration  and  confirmation  (if  such  a 
lUng  be  now  needed)  of  the  cause  of  die  rise  of  water  in 
{lUtDps,  by  screwing  a  Byringe  into  the  top  plate  of  a  receiv- 
er, which  syringe  has  a  ^hort  glass  pipe  plun^ng  into  a 
■nail  cup  of  water.  See  Fig.  64.  When  the  piston-rod 
iw  t]ra«'n  up,  the  water  rises  in  the  glass  pipe,  as  in  any 
IBdier  pump,  of  which  this  is  a  miniature  representation. 
le  air  has  been  prcviounly  exhausted  from  the  r^ 
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odiver,, there  is  nothing  to  preas  on  the  water  in  the  littk 
jar;  and  it  will  not  rise  in  the  glass  pipe  though  the  puton 
of  the  syringe  be  drawn  to  the  top. 

Analogous  to  the  rise  of  water  in  pumps  is  its  rise  and 
motion  in  sjrphons.  Suppose  a  pipe  ABCD,  Fig.  55.  bent 
at  right  angles  at  B  and  C,  and  having  its  two  ends  im- 
mersed in  the  cistans  of  water  A  and  D.  Let  the  I^ 
CD  be  longer  than  the  leg  B A,  and  let  the  whole  be  fuU 
of  water.  The  water  is  pressed  upwards  at  A  with  afiiroe 
equal  to  the  weight  of  the  column  of  air  S  A  leadiingto 
the  top  of  the  atmosphere ;  but  it  is  pressed  downwards  by 
the  weight  of  the  column  of  water  B A.  The  water  at  E 
is  pressed  downwards  by  the  weight  of  the  column  CD,  and 
upwards  by  the  weight  of  the  column  of  air  FD  readnng 
to  the  top  of  the  atmo^here.  The  two  columns  of  air  cE& 
fer  very  little  in  th^r  weight,  and  may  without  any  sensi- 
ble error  be  considered  as  equal.  Therefore  there  is  a  su- 
periority of  pressure  downwards  at  D,  and  the  water  will 
flow  out  there.  The  pressure  of  the  air  will  raise  the  wa- 
ter in  the  leg  AB,  and  thus  the  stream  will  be  kept  up  till 
the  vessel  A  is  emptied  as  low  as  the  orifice  of  the  leg  B A, 
provided  the  height  of  AB  is  not  greater  than  what  the 
pressure  of  the  atmosphere  can  balance,  that  is,  does  not 
exceed  33  or  33  feet  for  water,  30  inches  for  mercury,  &e. 

A  syphon  then  will  always  run  from  that  vessel  whose 
surface  is  highest ;  the  form  of  the  pipe  is  indifferent,  be- 
cause the  hydrostatical  pressures  depend  on  the  vertical 
height  only.  It  must  be  filled  with  water  by  some  other 
contrivance,  such  as  a  funnel,  or  a  pump  applied  a-top; 
and  the  funnel  must  be  stopped  up,  otherwise  the  mr  would 
get  in,  and  the  water  would  fall  in  both  legs. 

If  the  syphon  have  equal  legs,  as  in  Fig.  56.  and  be 
turned  up  at  the  ends,  it  will  remain  full  of  water,  and  be 
ready  for  use.  It  need  only  be  dipped  into  any  vessd  of 
water,  and  the  water  will  then  flow  out  at  the  othCT  end  rf 
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hon.     This  is  called  the  Wtrtemlurg  siphon,  and 
is  represented  in  Fig.  56. 

What  is  called  the  syj^iwt ^fountain,  constructed  on  this 
principle,  is  aliown  in  Fig.  57.  wliere  AB  is  a  tall  receiver, 
sUnding  in  a  wide  basin  DE,  which  is  supported  on  the 
pedestal  H  by  the  hollow  pillar  FG.  In  the  centre  of  the 
receiver  is  a  jet  pipe  C,  and  in  the  top  a  ground  stopper 
A.  Near  the  base  of  the  pillar  b  a  cock  N,  and  in  the  pe- 
destal ia  another  cock  O. 

Fill  the  bnsin  DE  with  water  within  half  an  inch  of  the 
britn.  Then  pour  in  water  at  the  top  of  the  receivor  (the 
oook  N  being  shut)  till  it  is  about  half  full,  and  Uien  put 
io  the  stopper.  A  little  water  will  run  out  into  the  vessel 
DE.  But  before  it  runs  over,  open  the  i^ock  N,  and  the 
wftter  will  run  into  the  cistern  H ;  and  hy  the  time  that  the 
pipe  C  appears  above  water,  a  jet  will  rise  from  it,  and 
oootiuuc  as  long  as  water  is  supplied  from  the  baein  D£. 
The  passage  into  the  base  cistern  may  be  so  tempered  by 
the  cock  N  that  the  water  within  ttie  receiver  shall  keep  at 
tfae  same  height,  and  what  runB  into  the  base  may  be  re* 
erared  from  the  cock  O  into  another  vessel,  and  returned  ■ 
into  DE,  to  keep  up  the  stream. 

This  pretty  philosophical  toy  may  be  constructed  in  thfll 
following  manner.  BD,  Fig.  5S,  is  the  ferril  or  cap  i 
to  wtiich  the  receiver  is  cementod.  From  its  centre  dot  i 
acends  the  jet  pipe  C  a,  sloping  outwards,  to  give  room  foif  I 
the  dischar^ng-pipe  bdof  larger  diameter,  whose  lower  e&'  4 
tremity  d  fits  lightly  into  ihc  top  of  the  hollow  pillar  F(x.« 

The  opration  of  the  toy  ia  easily  understood.  Sup^J 
poee  the  distance  from  C  to  H  (No  1 .)  three  feet,  which  i 
about  ,'j  of  the  height  at  which  the  atmosphere  would  sup*  | 
port  a  column  of  water.  The  water  poured  into  AB  would  4 
descend  through  FG  (the  hole  A  bebg  shut)  till  the  air  I 
h«i  expanded  -^^t  nnd  tlien  it  would  stop.  If  tlie  pipe  Ca  f 
be  ninr  opened^  the  pressure  of  the  air  on  tlic  surface  of  tfatf  | 
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water  in  the  dstem  DE  will  cause  it  to  spout  through  C 
to  the  height  of  three  feet  nearly,  and  the  water  will  can- 
tinue  to  descend  through  the  pipe  FG.  By  tempering  the 
<xx;k  N  so  as  to  allow  the  water  to  pass  through  it  at  fi^t 
as  it  is  supplied  by  the  jet,  the  amusement  may  be  oootw 
nued  a  long  time.  It  will  stop  at  last,  however;  because^ 
as  the  jet  is  made  into  rarefied  air,  a  little  air  will  beextri* 
dated  from  the  water,  which  will  gradually  accumulate  in 
the  receiver,  and  diminish  its  rarefaction,  which  is  the 
moving  cause  of  the  jet  This  indeed  is  an  inconvemnce 
felt  in  every  employment  of  syphons,  so  much  the  moie 
remarkably  as  their  top  is  higher  than  the  surface  of  the 
water  in  the  cistern  of  supply. 

Cases  of  this  employment  of  a  sjrphon  are  not  unft^ 
quent.  When  water  collected  at  A  (Fig.  59.)  is  to  be  coo- 
ducted  in  a  pipe  to  C,  situated  in  a  lower  part  of  the  comw 
try,  it  sometimes  happens,  as  between  Lodiend  and  Lathy 
that  the  intervening  ground  is  higher  than  the  fimntaiiw 
bead  as  at  B.  A  forcing  pump  is  erected  at  A,  and  the 
water  forced  along  the  pipe.  Once  it  runs  out  at  C,  tte 
pump  may  be  removed,  and  the  water  will  continue  to  nm 
on  the  syphon  principle,  provided  BD  do  not  exceed  SS 
feet.  But  the  water  in  that  part  of  the  conduit  which  is 
above  the  horizontal  plane  AD,  is  in  the  sime  etate  at  ill  a 
receiver  of  rarefied  air,  and  gives  out  some  of  the  air  whioh 
is  chemically  united  with  it.  This  gradually  accumulates 
in  the  elevated  part  of  the  conduit,  and  at  last  ctiokes  it 
entirely.  When  this  happens,  the  forcing  pomp  mmt 
again  be  worked.  Although  the  elevatkn  in  the  Ldth 
conduit  is  only  about  eight  or  ten  feet,  it  will  addom  run 
for  12  hours.  N.  B.  This  air  cannot  be  dischai]ged  by  the 
usual  air-cocks;  for  if  there  were  an  opening  at  B,  the  air 
would  rush  in,  and  immediately  stop  the  motion* 

This  combination  of  air  with  water  is  very  disdnelly  seen 
by  means  of  the  air-pump.  If  a  small  glass  containii^ 
cold  water,  fresh  drawn  from  the  spring,  be  exposed,  as  in 


pyKUifATics.  GS5 

Pig.  CM),  under  the  receiver,  and  the  air  rarefied,  small  bub- 
bles will  be  observed  to  form  on  the  inner  surface  of  the 
glasa^  or  on  the  surface  of  any  body  immersed  in  it,  which 
will  increase  in  size,  and  then  detach  themselves  from  the 
glass  and  reach  the  top ;  as  the  rarefaction  advances,  the 
whole  water  begins  to  show  very  minute  air-bubbles  rising 
to  the  top ;  and  this  appearance  will  continue  for  a  very  long 
time,  till  it  be  completely  disengaged.  Warming  the  wa- 
ter will  occasion  a  still  farther  separation  of  air,  and  a  boil- 
ing heat  will  separate  all  that  can  be  disengaged.  The 
xesaon  assigned  for  these  air-bubbles  first  appearing  on  the 
imrfaoe  of  the  glass,  &c.  is,  that  lur  is  attracted  by  bodies, 
and  adheres  to  tlieir  surface.  This  may  be  so.  But  it  is 
more  probably  owing  to  the  attraction  of  the  water  for  the 
glass,  which  causes  it  to  quit  the  air  which  it  held  in  solu- 
tioDj  in  the  same  manner  as  we  see  it  happen  when  it  is 
nized  with  spirits  of  wine,  with  vitriolic  acid,  &c.  or  when 
aslfa  or  sugar  are  dissolved  in  it.  For  if  we  pour  out  the 
water  which  has  been  purged  of  air  by  boiling  in  vcumoj 
and  fill  the  glass  with  fresh  water,  we  shall  observe  the 
isme  thing,  although  a  film  of  the  purified  water  was  left 
adhering  to  the  glass.  In  this  case,  there  can  be  no  air 
adhering  to  tlie  glass. 

Water  thus  purged  of  air  by  boiling  (or  even  without 
boiling)  in  vacuoy  will  again  absorb  ^r  when  exposed  to 
tbe  atmosphere.  The  best  demonstration  of  this  is  to  fill 
with  this  water  a  phial,  leaving  about  the  size  of  a  pea  not 
fiUed.  Immerse  this  in  a  vessel  of  water,  with  the  mouth 
undermost,  by  which  means  the  air-bubble  will  mount  up 
to  the  bottom  of  the  phial.  After  some  days  standing  in 
this  condition,  the  air-bubble  will  be  completely  absorbed, 
and  the  vessel  quite  filled  with  water. 

The  air  in  this  state  of  chemical  solution  has  lost  its  elas- 
ticity, for  the  water  is  not  more  compresable  than  common 
water.  It  is  also  found  that  water  brought  up  from  a  great 
depth  under  ground  contains  much  more  air  than  water  at 
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the  surface.  Indeed  fountain  waters  diffi^r  exceedingly  in 
this  respect.  Other  liquors  contain  much  greater  <{iiantik 
ties  of  elastic  fluids  in  thisloosely  combined  state.  A  gkuft 
of  beer  treated  in  the  same  way  will  be  almost  wholly  coii- 
Yerted  into  froth  by  the  escape  of  its  fixed  air,  and  wiH 
have  lost  entirely  the  pricking  smartness  which  is  so  agree- 
able, and  it  become  quite  vapid. 

The  air-pump  gives  us,  in  the  next  place,  a  great  varie- 
ty of  experiments  illustrative  of  the  ur^s  elastidty  and  ei- 
pansibility.  The  very  operation  of  exhaustion,  aa  it  is  cdU- 
ed,  is  an  instance  of  its  great,  and  hitherto  unlimited,  ex- 
pansibility. But  this  is  not  palpably  exhibited  to  view^^-* 
The  following  experiments  shew  it  most  distinctly  : 

1.  Put  a  flaccid  bladder,  of  which  the  neck  is  firmly  tied 
with  a  thread,  under  a  receiver,  and  work  the  pump.  The 
bladder  will  gradually  swell,  and  will  even  be  fuUy  Sis- 
tended.  Upon  readmitting  the  air  into  the  recover,  the 
bladder  gradually  collapses  again  into  its  former  dimen- 
sions: while  the  bladder  is  flaccid,  the  air  within  it  is  of  the 
same  density  and  elasticity  with  the  surrounding  air,  and 
its  elasticity  balances  the  pressure  of  the  atmosphere.  When 
part  of  the  air  of  the  receiver  is  abstracted,  the  remiunder 
expands  so  as  still  to  fill  the  receiver :  but  by  expanding 
its  elasticity  is  plainly  diminished ;  for  we  see  by  the  fwt, 
that  the  elasticity  of  the  air  of  the  receiver  no  longer  ba- 
lances the  elasticity  of  that  in  the  bladder,  as  it  no  longer 
keeps  it  in  its  dimensions.  The  air  in  the  bladder  expands 
also:  it  expands  till  its  diminished  elasticity  is  agmn  in 
equilibrio  with  the  diminished  elasticity  of  the  air  in  the 
receiver ;  that  is,  till  its  density  is  the  same.  When  all 
the  wrinkles  of  the  bladder  have  disappeared,  its  air  can 
expand  no  more,  although  we  continue  to  diminish  the  elas- 
ticity of  the  air  of  the  receiver  by  further  rarefaction.  The 
bladder  now  tends  to  burst ;  and  if  it  be  pierced  by  a  point 
or  knife  fastened  to  the  slip-wire,  the  mr  will  rush  out,  and 
the  mercury  descend  rapidly  in  the  gage. 


mt 
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water,  and  ii 
tnentod  in  a  vessel  of  water  with  the  mouth  tlownwiird.*,  th#  1 
air  will  occujiy  the  Upper  part  of  the  phial.  If  tbi^  nppAi  ^ 
rnlUB  be  put  under  a  receiver,  and  the  air  be  abstractedj  I 
the  air  in  the  phial  will  gradually  expand,  allowing  the  wa-  ' 
ter  to  run  out  by  Ux  weight  till  the  surfaee  of  the  water  ht  I 
on  a  level  within  and  without.  IVben  this  is  the  case,  wft  i 
must  grant  that  the  density  and  elasticity  nf  the  sir  in  Um  I 
phial  in  the  same  with  that  in  the  receiver.  When  we  vorii  i 
\h.e  pump  again,  we  shall  observe  the  ur  in  the  philA  i 
npatid  still  more,  and  come  out  of  the  water  in  bultt  J 
ble«.  Continuing  the  operation,  we  shall  see  (he  air  cont^  | 
Dually  escaping  from  the  pliial :  when  this  is  over,  itshoi(4-| 
that  the  pump  can  rarefy  no  more.  If  we  now  admit  thff  1 
air  into  the  receiver,  we  shall  sec  the  water  rise  into  thtf  I 
phial,  and  at  last  almost  completely  fill  it,  leaving  only  A  I 
»eiy  small  bubble  of  air  at  top.  This  bubble  had  expt 
edaoan  to  fill  the  whole  phial.  Sec  tl>i»  represented  IJl  ^ 
Hg.  81. 

Bvery  one  must  have  observed  a  cavity  at  the  big  end  «"1 
an  ^g  between  itie  shell  and  the  white.     The  white  a 
yHUt  are  containe<l  in  a  tbin  membrane  or  bladder  wbi<A  i 
adheres  loosi-Iy  to  the  Rboll,  but  is  detached  from  it  nt  thfll 
ptst :  and  this  cavity  increa-ses  by  keeping  the  egg  in  a  dr^ 
placp.     One  may  form  a  judgment  of  its  size,  and  iherc" 
(fare  of  the  freshness  of  the  egg,  by  touching  it  with  the 
tongue;  fur  the  shell,  where  it  is  not  in  contact  with  tb# 
oootents,  will  presently  feel  warm,  being  quickly  heated  by  i 
the  tongue,  while  the  rest  of  the  egg  will  feel  cold. 

If  a  hole  be  made  in  the  opposite  end  of  the  egg,  and  ii  ^ 
be  scl  on  a  little  tripod,  and  put  under  a  receiver,  the  e«i^ 
panainn  of  the  air  in  the  cavity  of  the  egg  will  force  tM'4 
oolMents  through  the  hole  till  the  egg  be  quite  emptied? 4 
rtr,  if  nearly  one  half  of  the  egg  be  taken  away  at  theolhef-1 
and,  and  the  white  and  yolk  taken  out,  and  the  shell  be  puff  T 
Mnder  a  receiver,  and  the  air  abstracted,  th*  air  in  the  <n^  - 
Tity  at  the  egg  will  expand,  gradtially  detaching  the  inera- 
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brane  from  the  shell,  till  it  causes  it  to  swell  out,  and  giires 
the  whole  the  appearance  of  an  entire  ^;g.  In  Uke  man- 
ner shrivelled  apples  and  other  fruits  will  swell  in  vacuo  b^ 
the  expansion  of  the  air  confined  in  their  cavities. 

If  a  piece  of  wood,  a  twig  with  green  leaves,  diarooal, 
plaster  of  Paris,  &c.  be  kept  under  water  in  vacuo^  a  pio- 
digious  quantity  of  ur  will  be  extracted ;  and  if  we  read- 
mit the  air  into  the  receiver,  it  will  force  the  water  into 
the  pores  of  the  body.  In  this  case  the  body  will  not 
swim  in  water  as  it  did  before,  shewing  that  the  vq^etable 
fibres  are  specifically  heavier  than  water.  It  is  found, 
however,  that  the  air  contained  in  the  pith  and  bark,  such 
as  cork,  is  not  all  extricated  in  this  way ;  and  that  mudi 
of  it  is  contained  in  vesicles  which  have  no  outlet:  being 
secreted  into  them  in  the  process  of  vegetation,  as  it  is  se- 
creted into  the  air-bladder  of  fishes,  where  it  is  generally 
found  in  a  pretty  compressed  state,  con^derably  denser 
than  the  surrounding  air.  The  air-bladder  of  a  fish  is  sur« 
rounded  by  circular  and  longitudinal  muscles,  by  which  the 
fish  can  compress  the  air  still  further ;  and,  by  ceasing  to 
act  with  them,  allow  it  to  swell  out  again.  It  is  in  this 
manner  that  the  fish  can  suit  its  specific  gravity  to  its  si- 
tuation in  the  water,  so  as  to  have  no  tendency  either  to 
rise  or  »nk :  but  if  the  fish  be  put  into  the  receiver  of  an 
air-pump,  the  rarefaction  of  the  air  obliges  the  fish  to  act 
more  strongly  with  these  contracting  muscles,  in  order  to 
adjust  its  specific  gravity ;  and  if  too  much  air  has  been 
abstracted  from  the  receiver,  the  fish  is  no  longer  able  to 
keep  its  air-bladder  in  the  proper  degree  of  compressioo. 
It  becomes  therefore  too  buoyant,  and  comes  to  the  t(q>  of. 
the  water,  and  is  obliged  to  struggle  with  its  tail  and  fins 
in  order  to  get  down ;  frequently  in  vain.  The  air-blad- 
der sometimes  bursts,  and  the  fish  goes  to  the  bottom,  and 
can  no  longer  keep  above  without  the  continual  action  <^ 
its  tail  aifd  fins.  When  fishes  die,  they  commonly  float  at 
top,  their  contractive  action  being  now  at  an  end.  All  this 
may  be  illustrated  (but  very  imperfectly)  by  a  small  half: 
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o  which  is  uppended  a  bit  of  lead,  just  so 
heavy  as  to  make  it  sink  in  water ;  wlien  tliia  is  put  under 
a  receiver,  and  the  air  abstracted,  tlie  bubble  will  rise  to 
the  top;  and,  by  nicely  adjusting  tlie  rarefaction,  it  may 
be  kept  at  ony  height — See  Fig.  46. 

The  playthings  colled  Cartesian  devils  are  similar  to 
this :  they  are  hollow  glass  figures,  having  a  small  aper- 
ture in  the  lower  part  of  (he  figures,  as  at  the  point  of  the 
ibot ;  their  weiglit  is  adjusted  so  that  they  swim  upright  in 
water.  When  put  into  a  tall  jar  filled  to  the  top,  and  hav- 
ing B  piece  of  leather  tied  over  it,  they  will  sink  in  the  wa- 
ter, by  pressing  on  the  leather  with  the  ball  of  the  hand : 
tliift,  hy  compressing  the  water,  forces  some  of  it  to  enter 
into  the  figure,  and  makes  it  heavier  than  the  water ;  for 
vhich  reason  it  sinks,  but  rises  ogmn  on  removing  the  pre^ 
Bure  of  the  hand.— See  Fig.  47,  No  1.  and  2. 

If  a  hati-blown  ox-bladder  be  put  into  a  boK,  and  great 
weights  Itud  on  it,  and  the  whole  be  put  under  a  recav 
aod  the  air  abstracted,  the  lur  will,  by  expanding,  lift  up   I 
die  weights,  though  above  an  hundred  pounds.-^^ 
Fig.  48. 

By  such  experiments  the  great  exponubility  of  the  tur  it  I 
abundantly  illustrated,  as  its  compressibility  was  formerly  { 
by  means  of  the  condensing  syringe.  We  now  see  that  | 
the  two  sets  of  experiments  form  an  uninterrupted  chain  {  j 
and  that  there  is  no  particular  state  of  the  air's  density  1 
where  the  compressibUity  and  expansibility  is  remarkably  ] 
diflsimilar.  Air  in  its  ordinary  state  expands ;  because  its  J 
ordinary  state  is  a  state  of  compression  by  the  weight  of  1 
tbe  atmosphere :  and  if  there  were  a  pit  about  3.3  miles  [ 
deep,  the  air  at  the  bottom  would  probably  be  as  dense  a 
water;  and  if  it  were  50  miles  deep,  it  would  be  as  dcnsa  1 
■Bgold,  if  it  did  not  become  a  liquid  before  this  depth?  J 
VMj,  if  a  bottle  with  its  mouth  undermost  were  immersed  i 
tax  n)ile«  under  water,  it  would  probably  he  as  dense  as  wi^  I 
f  probably,  for  this  depends  on  the  nature  of 
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oompresfflbility  ;  that  is,  on  the  relatioD  vbich  miboats  be- 
tween the  compression  and  the  &rc^  which  produoet  it* 

This  is  the  circumstanoe  of  its  cpnstitution,  wbidi  we 
now  proceed  to  lesianiine ;  and  it  is  evidently  a  very  idip 
portant  drcumstance.    We  have  long  ago  observed)  that 
the  great  compn^bility  and  permanent  fluidity  of  air^  ob- 
served in  a  vast  variety  of  phenomena,  is  totally  inexpfi- 
cable,  OD  the  supposition  that  the  particles  of  air  aie  bke 
so  many  balls  of  sponge  or  so  many  foot-balls.     Give  to 
those  what  compressibility  you  please,  common  air  oould 
no  more  be  fluid  than  a  mass  of  day ;  it  could  no  nfove  be 
fluid  than  a  mass  of  such  balls  pressed  into  a  box*     It  can 
be  demonstrated  (and  indeed  hardly  needs  a  demonstration)^ 
that  before  a  parcel  of  such  balls,  just  touching  eacb  other, 
can  be  squeezed  into  half  their  present  dimenwoim,  their 
globular  shape  will  .be  endrely  gone,  and  eabh  will  have 
become  a  perfect  cube,  touching  six  other  cubes  with  iti 
whole  surface ;  and  these  cubes  will  be  strongly  compressed 
together,  so  that  motion  could  never  be  performed  through 
among  them  by  any  solid  body  without  a  very  great  force. 
Whereas  we  know  that  in  this  state  air  is  just  as  permeable 
to  every  body  as  the  common  air  that  we  breathe.     There 
is  no  way  in  which  we  can  represent  this  fluidity  to  our 
imaginatian  but  by  conceiving  air  to  consist  of  particles^ 
not  only  discrete,  but  distant  from  each  other,  and  actuated 
by  repulsive  forces,  or  something  analogous  to  them.    It 
is  an  idle  subterfuge,  to  which  some  naturalists  have  re- 
course, saying,  that  they  are  kept  asunder  by  an  intervening 
ether,  or  elastic  fluid  of  any  other  name.     This  is  only  re» 
moving  the  difficulty  a  step  farther  cff;  for  the  elasticilj 
of  this  fluidity  requires  the  same  explanation ;  and  there^ 
fore  it  is  necessary,  in  obedience  to  the  rules  of  just  rea- 
sonbg,  to  begin  the  inquiry  here ;  that  is,  to  determine 
fix>m  the  phenomena  what  is  the  analogy  between  the  dis- 
tances of  the  particles  and  the  repulsive  forces  exerted  at 
these  distances,  proceeding  in  the  same  way  as  in  the  ex** 
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r  planetary  gravitAtion.      We  shall  li^arn  tht 
altendiug  to  the  analogy  between  the  cotn- 
prcssiDg  I'orce  and  the  density. 

For  the  density  depends  on  the  distance  between  the 
[MrtJcles ;  the  nearer  they  are  to  each  other,  the  denser  ia 
the  air.  ijiippoae  a  iiquare  pipe  one  inch  wide  and  eight 
itiches  long,  shul  al  one  end,  and  611ed  witli  contmon  air ; 
then  suppose  a  plug  so  nicely  fitted  to  this  pipe  that  no  «r 
can  pass  by  its  sides ;, suppose  this  piston  thrii&t  duim  to 
whhh)  an  inch  of  the  bottom;  it  is  evident  that  the  air 
whidi  formerly  filled  tlie  whole  pipe  now  occupies  the  spaee 
of  one  cubic  inch,  which  contains  the  same  number  of  par- 
tides  as  were  formerly  diffused  over  eight  cubic  inches. 

The  condensation  would  have  been  the  tame  if  the  air 
«faich   fills  a  cube  whose  side  is  two  inches   had   been 
squeezed  into  a  cube  of  one  inch,  for  the  cube  of  two  inches 
•Ito  contains  eight  inches.     Now,   in  this  cose  it  is  evident 
tliM  the  distance  between  the  particles  would  he  reduced  to  , 
lis  liair  in  every  direction.    In  like  manner,  if  b  cube  whoae   . 
wJe  is  three  inches,  and  which  therefore  conUins  i27  incbet)   i 
be  tqtieezcd  into  one  inch,  tlie  distance  of  the  particles  will  1 
be  one  third  of  what  it  was:  in  general  the  distance  of  tha  j 
particles  will  lie  as  tlie  cubc-root  of  the  space  into  whicli   | 
ifaey  are  conipressed.     If  the  space  be  |.  ^j,  g'^,  iJi>  i 
of  ha  former  dimensions,  the  di>itance  of  the  particles  wtU  i 
1»  h  4.  h  i,  S:c.     Now  the  term  density,  in  its  strict  sense,  1 
expresses  die  vicinity  of  the  particles ;  i&run  arborea  am  | 
ti«es  growing  near  each  other.     The  measure  of  this  vicfc  I 
nitytJierefbre  is  the  true  measure  of  the  density  ;  and  when  < 
87  tndics  of  air  are  compressed  into  one,   we  should  say 
thai  it  is  three  times  as  dense ;  hut  we  say,  that  it  Is  3f 
thncs  denser. 

Density  is  therefore  used  in  a  sense  difiercnt  fVom  ili  ] 
strictest  accoptatian  t  it  expresses  the  comjiarative  numbff 
at' equidixtant  panicles  contained  in  the  same  bulk.     'I'his 
is  also  abundantly  precise,  when  we  compare  bodies  of  the 
tame  kind,  difTcring  in  dciisily  only  ;  bul  we  aim  say,  that 
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gold  18  19  times  denser  than  water,  because  the  same  bulk 
of  it  is  19  times  heavier.  This  assertion  proceeds  od  the 
assumption,  or  the  fact,  that  every  ultimate  atom  of  ter- 
restrial matter  is  equally  heavy ;  a  particle  of  gold  may 
contain  more  or  fewer  atoms  of  matter  than  a  partide  of 
water.  In  such  a  case,  therefore,  the  term  density  has 
little  or  no  reference  to  the  vidnity  of  the  partides;  and  is 
only  a  term  of  comparison  of  other  qualities  or  aoddents. 

But  when  we  speak  of  the"  respective  densities  of  die 
same  substance  in  its  different  states  of  compremon,  the 
word  density  is  strictly  connected  with  vidnity  of  partideSi 
and  we  may  safely  take  either  of  the  measures.  We  shall 
abide  by  the  common  acceptation,  and  call  that  air  djg^ 
times  as  dense  which  has  eight  times  as  many  partides  in 
the  same  bulk,  although  the  particles  are  only  twice  as.  near 
to  each  other. 

Thus  then  we  see,  that  by  observing  the  analogy  b^ 
tween  the  compressing  force  and  the  density,  we  shall  dis- 
cover the  analogy  between  the  compressing  force  and  the 
distance  of  the  particles.  Now  the  force  which  is  necessary 
for  compressing  two  particles  of  air  to  a  certain  vicinity  is 
a  proper  measure  of  the  elasticity  of  the  particles  corre- 
sponding to  that  vicinity  or  distance ;  for  it  balances  it, 
and  forces  which  balance  must  be  esteemed  equal.  Elas- 
ticity is  a  distinctive  name  for  that  corpuscular  force  which 
keeps  the  particles  at  that  distance  ;  therefore  observations 
made  on  the  analogy  between  the  compressing  force  and 
the  density  of  air  will  give  us  the  law  of  its  corpuscular 
force,  in  the  same  way  that  observations  on  the  simulta- 
neous deflections  of  the  planets  towards  the  sun  ^ve  us  the 
law  of  celestial  gravitation. 

But  the  sensible  compressing  forces  which  we  are  able  to 
apply  is  at  once  exerted  on  unknown  thousands  of  partides, 
while  it  is  the  law  of  action  of  a  single  particle  that  we 
want  to  discover.  We  must  therefore  know  the  proportion 
of  the  numbers  of  particles  on  which  the  compressing  force 
is  exerted.     It  is  easy  to  see,  that  since  the  distance  of  the 
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s  18  M  the  cube  root  of  the  density  inverGely,  the 
number  of  particles  in  phy^cal  contact  willi  the  compress 
ingsurracciDust  beas  the  square  of  this  root.    T  bus  when  1 
a  cube  of  eight  inches  is  compressed  into  one  inch,  and  1 
the  particles  are  twice  as  near  each  other  as  they  were  b 
fere,  there  must  be  four  times  the  number  of  particles  i 
oonlKct  with  each  of  the  aides  of  this  cubical  inch  ;  or,  wh« 
we  have  pushed  down  the  square  piston  of  the  pipe  spokea 
of  above  to  within  an  inch  of  the  bottom,  there  will  be  four  j 
times  the  number  of  particles  immediately  contiguous 
the  piston,  and  resisting  the  compression  ;  and  in  order  ttt  * 
obliun  the  force  realty  exerted  on  one  particle,  and  the  ela^ 
ticity  of  that  particle,  we  must  divide  the  whole  compress- 
ing force  by  4.     In  like  manner,  if  we  have  compressed 
Btr  into  j',  of  its  former  bulk,  and  brought  the  particles  to 
^  c^  their  former  distance,  we  must  divide  the  compresung 

force  by  9.     In  general,  if  d  express  the  density,  '72^ 

nill  express  the  distance  x  of  the  particles ;  '^"d^  cs   li*, 

win  express  the  vicinity  or  real  den^ty  ;  and  tP  will    et-l 

press  the  number  of  particles  acting  on  the  compresua^'  ] 

surface:  and  if,/*  express  the  accumulated  external  con^ 

f  ' 

pcesBiog  force,  ~  will  express  llie  force  acting  on  one  par- 

tiele;  snd   tliereforc  the  elasticity  of  that  particle  corr^ 
qranding  to  the  distance  x. 

We  may  now  proceed   to  consider  the  experiments  by  I 
vbich  the  law  of  compression  is  to  be  established. 

The  tirst  experiments  to  this  purpose  were  those  mad^  1 
hy  Mr  Boyle,  published  in  16(il,  in  \»s Defcnsio Doclrinee 
de  Am'3  Elatcre  contra  Limint,  and  exhibited  before  the  > 
Boyal  Society  the  year  before.  Moriotte  madcexperimenta 
of  the  same  kind,  which  were  published  in  1676,  in  hia 
EssaU  ur  la  Nature  dc  tAir  and  Traili  dcs  Mmtvemena  des 
Eaux-    The  most  uipious  experiments  are  those  by  Sulzer 
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(Mem.  Berliny  ix.),  those  by  Fontana  (Opusc.  /%«Jco> 
Jtaih.)^  and  those  by  Shuckburgh  and  Gen.  JRoy. 

In  order  to  examine  the  oompressibility  of  air  that  ii 
not  rarer  than  the  atmosphere  at  the  surface  of  the  eardi, 
•w6  emirioy  a  bent  tube  or  cyphon  ABCD  (Fig.  66.),  bcr^ 
metically  sealed  at  A  and  open  at  D.  The  short  kg  AB 
must  be  Yery  accurately  divided  in  the  propartioii  of  its 
acdid  contents,  and  fitted  with  a  scale  vhose  units  deanote 
«qual  iacrements,  not  of  length,  but  of  capacity.  There 
are  various  ways  of  doing  this ;  but  it  requires  the  most 
scrupulous  attention,  and  without  this  the  experiments  are 
of  DO  vahie.  In  particular,  the  arched  form  at  A  must  bp 
noticed.  A  small  quantity  of  mercury  must  then  be  pdw- 
ed  into  the  tube,  and  passed  backwards  and  forwards  UU  it 
stands  (the  tube  b^g  held  in  a  vertical  poatioa)  on  a 
level  at  B  and  C.  Then  we  are  certain  that  the  indiided 
air  is  of  the  same  density  with  that  of  the  contiguous  at- 
mosphere. Mercury  is  now  poured  into  the  leg  DC, 
which  will  fill  it,  suppose  to  6,  and  will  compress  the  air 
into  a  smaller  space  AE.  Draw  the  horizontal  line  £F : 
the  new  bulk  of  the  compressed  air  is  evidently  AE,  mea^ 
sured  by  the  adjacent  scale,  and  the  addition  made  to  the 
compressing  force  of  the  atmosphere  is  the  weight  of  the 
column  GF.  Produce  GF  downwards  to  H,  till  FH  is 
equal  to  the  height  shown  by  a  Toricellian  tube  fiUed  with 
the  same  mercury ;  then  die  whole  compressing  force  is 
HG.  This  is  evidently  the  measure  of  the  elasticity  of  the 
compressed  air  in  AE,  for  it  balances  it.  Now  pour  in 
more  mercury,  and  let  it  rise  to  gj  compressing  the  ur 
into  A  e.  Draw  the  horizontal  line  ef,  and  makeyA  equal 
to  FH  ;  then  A  e  will  be  the  new  bulk  of  the  compressed 

AB 

air,  -- —  will  be  its  new  density,  and  hg  will  be  the  mea- 
A.  e 

sure  of  the  new  elasticity.     This  operation  may  be  extend* 

ed  as  far  OS  we  please,  by  lengthening  the  tube  CD,  and 

taking  care  that  it  be  strong  enough  to  resist  the  great 

pressure.     Great  care  must  be  taken  to  keep  the  whole 


rXKIiAIATIL'S.  liSS 

Icmpuraturt!,  becauxe  the  eliuticit^  of  air  is 
groally  ailecteii  by  heat,  and  the  change  by  any  increase  c^ 
temperature  is  clii!erent  according  to  iu  density  or  cunk- 
prefiMon. 

Ihs  experiments  tif  Boyle,  Mariotte,  Amontotu,  aod  i 
otbers,  were  not  extended  to  very  great  compressions,  On 
density  of  tlic  air  not  having  been  (quadrupled  in  any  of 
them ;  nor  do  they  seem  to  have  been  made  with  very 
gnat  nicety.  It  may  be  collected  from  them  in  general, 
that  the  elasticity  o£  the  air  is  very  nearly  proportioned  to 
Ua  dennty ;  and  accordingly  this  law  was  almost  immedh 
tttdy  acquiesced  in,  and  was  called  tlie  Bot/leun  Ian :  it  ia 
occordingly  assunu.'d  by  almost  all  writers  on  the  subject 
aa  exact.  01'  late  years,  liowevcr,  there  occurred  tiucstions 
in  which  it  was  of  importance  tliat  tliU  point  should  be  mi 
scrupulously  selllcd,  and  the  furmer  esperimeiits  were  rv-  ' 
prated  and  extended.  Sulzer  and  Faitiana  have  carried  . 
tfaiesi  farther  tlian  any  other.  Sulser  compressed  air  int^' 
t  of  its  former  dimentiiuns. 

Considerable  varieties  and  irregularities  are  to  be  ob- 
served in  these  experiments.     It  is  extremely  difficult  to 
prewirve  the  temperature  of  the  apparatus,  particularly  of 
tbe  leg  AB,   which  is  most  handled.     A  great  quantity  uf 
memiry  must  be  employed  :  and  it  docs  not  appear  that  J 
[diUusophers  have  lieen  careful  to  have  it  precisely  similar  ] 
to  that  in  the  barometer,  which  gives  us  the  unit  of  conv- 1 
pressing  tbree,   and    of    elasticity.     The    mercury  in  the:  j 
barometer  should  be  pure  and  boiled.     If  the  mercury  in  ■  I 
the  syphon  is  adulterated  with  bismuth  and  tin,    which] 
it  commonly   is  to  a  considerable  degree,  the  compress  J 
ing  iorce,  and    consequently   the  elasticity,  will   ajjpear'i 
greater  than  the  trutb.     If  the  barometer  has  not  beeo  J 
nictfly  fitted,  it  will  be  lower  than  it  should  be,  and  the  1 
compressing  force  will  appear  too  great,  because  the  unit 
t»  loo  small ;  am)  this  error  will  be  most  reuarkablc  in  tlic 
smaller  eompressions. 
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The  greatest  source  of  error  and  irrq;ularity  in  the  ex* 
perimenta  is  the  very  heterogeneous  nature  of  the  air  it* 
aelf.  A^r  is  a  solvent  of  all  fluids,  all  vapours^  and  per- 
haps of  many  solid  bodies*  It  is  highly  improbable  that 
the  different  compounds  shall  have  the  same  elasticity,  or 
even  the  same  law  of  elastidty :  and  it  is  well  known,  that 
air,  loaded  with  water  or  other  volatile  bodies^  is  much 
more  expansible  by  heat  than  pure  air ;  nay,  it  would  ap* 
pear  from  many  experiments,  that  certain  determinate 
changes  both  of  density  and  of  temperature,  cause  ur  to 
let  go  the  viqpours  which  it  holds  in  solution.  Cold  causes 
it  to  precipitate  water,  as  appears  in  dew;  so  does  rarefin- 
tion,  as  is  seen  in  the  receiver  of  an  air-pump. 

In  general,  it  appears  that  the  elasticity  of  air  does  not 
increase  quite  so  fast  as  its  density.  This  will  be  best  seen 
by  the  following  tables,  calculated  from  the  experiments  of 
M.  Sulzer.  The  column  E  in  each  set  of  experiments  ex* 
presses  the  length  of  the  column  6H,  the  unit  being  FH, 

while  the  column  D  expresses  r-=. 


First  Set 

Second  Set 

ThizdSet 

D 

£ 

D 

E 

D 

B 

1,000 

1,000 

1,000 

1,000 

1,000 

1,000 

1,100 

1,093 

1,236 

1,224 

1,091 

1,076 

1,2S2 

1.211 

1.294 

1,288 

1,200 

1,183 

1,375 

1,284 

1,375 

1,332 

1,333 

1,303 

1,571 

1.559 

1,466 

1.417 

1,500 

1,472 

1,692 

1,669 

1,571 

1.515 

1,714 

1,659 

1,833 

1,796 

1,692 

1,647 

2,000 

1,958 

2,000 

1,964 

2,000 

1,900 

2,288 

2.130 

2,444 

2.375 

2,444 

2,392 

2,400 

2,241 

3,143 

2,936 

3,143 

3,078 

8,000 

S,7SS 

3,666 

3,391 

3,666 

3,575 

4,000 

3,706 

4,000 

3,681 

4,444 

4.035 

4,444 

4,320 

4,888 

4,438 

5,500 

4,922 

5,500 

5,096 

5.882 

5,522 

7.333 

6,694 

6,000 

M97 

1 

S,000 

SMS 
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dfipeara  in  these  experiments  sufficient  grounds 
for  calling  in  question  the  Boylean  law  ;  and  the  writer  oC  1 
tbie  article  ttiought  it  incumbent  on  liirn  to  repeat  tiieift'  ■ 
with  some  precautions,  which  probably  had  not  been  at-  J 
tended  to  by  Mr  Sulzer.     He  was  particularly  anxious  to;  i 
bave  the  air  as  firee  as  possible  from  moisture.     For  this 
purpose,  having    detached  the   short  leg  of  the  syphon, 
which  was  ft4  inches  long,  he  boiled  mercury  in  it,  and  fill- 
ed it  with  mercury  boiling  hot.     He  took  a  tinplate  vessel 
of  sufficient  capacity,  and  put  into  it  a  quantity  of  powdetw  1 
ed  quicklime  just  taken  from  the  kiln;  and  having  closed' < 
the  mouth,  he  agitated  the  lime  through  the  air  in  the  ^ 
sel,  and  allowed  it  to  remain  there  all   night.     He  then 
emptied  the  mercury  out  of  the  syphon  into  this  vessel, 
keeping  the  open  end  far  within  it.     By  this  means  the 
short  leg  of  the  syphon  was  tilled  with  very  dry  lur.     That  j 
other  pari  was  now  joined,  and  boiled  mercury  put  into  ths  1 
bend  of  the  syphon ;  and  the  experiment  was  then  proB»-.  I 
cuted  with  mercury  which  had  been  recently  boiled,  and  1 
was  the  same  with  which  the  barometer  had  been  carefully  J 
fiOed. 

The  results  of  the  experiments  are  expressed  in  the  lobi  1 
fewing  table. 


D^A,. 

Mow  All. 

OmmpAil. 

D 

E 

D 

E 

D 

E 

l.OW 

1.000 

1,000 

1,000 

1,000 

1,000 

<.000 

1,957 

!.000 

l.BH) 

»,000 

1.909 

3.000 

i.Ht8 

3,000 

8.839 

3.000 

J.SW 

i.000 

3,737 

*.000 

3,TK 

4,0110 

3,719 

fi,SO0 

i.930 

a.4oo 

a,ooo 

5,aoo 

a.io* 

6.000 

5.3t! 

6,000 

5,U! 

6,000 

A.W3 

T.SJO 

e.m 

7.680 

e,77i 

I.6I0 

B.61> 

'Hon  it  appears  again  in  the  clearest  manner,  that  the  els  _ 
tidties  do  not  increa^  as  fast  as  the  dentaiics,  and  the  di£> 
rercnces  ore  even  greater  than  in  Mr  Suker's  expcrtmentibd 
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The  second  table  cont^ns  the  results  rf  espomMi 
made  on  verj*  damp  air  in  a  warm  summer's  monmg.   Ii 
these  it  appear?  that  the  elasticities  are  almost  prendr  pft- 
porcional  to  the  denaries  +  a  small  constant  qaanrnr,  nev. 
Ij  0,11  deviating  from  this  rule  chieBy  between  the  deoa- 
ties  I  and  1,5.  within  which  limits  we  have  ▼«!»  ned^ 
D  =  E  ^  *  •'.     As  this  air  is  nearer  to  the  cuusljlutua  rf 
atmospheric  air  than  the  Tormer,  this  rule  marliesUj 
fbUowed  ia  ca?e?  where  atmospheric  air  is  concemed, nil 
measuring  the  depths  of  pits  by  the  barometer. 

The  third  table  show?  the  compressofu  and  da^ritr  rf 
air  stroDfflv  impregnated  with  the  vapours  of  campfanc 
Here  the  Bovlean  law  appears  pretty  exact,  or  rather  At 
elasdcitv  seexas  :o  increase  a  little  faster  than  the  denatj. 

Dr  Hooke  examined  the  compression  of  air  by  Humm- 
ing a  b»:-tt!r  :o  grea:  depAs  in  the  sea,  and  weigidng  the 
water  which  got  :sto  it  without  any  escape  of  air.  Bnttfaii 
method  wi<  Izabls  to  great  uncertainty,  on  acromit  rftbe 
unkn.-^r?.  trnzienrjrv:  ctxhe  sea  at  great  depthi. 

Hith-er:  >  -r^  h^v;  :?:r<:irred  cnW  such  air  as  is  net  rarer 
ihin  '^'r.i'  ■s'r  Vrvi:'".  = :  '■■e  siist  take  a  verr  diSersct  !!»• 
th-xi  r"?r  ^\ir'..rlr.z  the  r  jj^ri^rtv  of  rarefied  air. 

L^-  ^^  ^-  T.j:  ♦;:  I  rt  i  Vc^r  r^l»,  tcrzned  s-:-f  into  a 
cupL  ir.i  ::  ?j*^^:::z:  ii^n-frfr  'o  r^cei^e  asotbfr  ssalUr 
tiibe  ^  -I  .zr:i  1'  ~r?:  i'  b:rh  i^i*.  Le-:  :he  on'.ervSzK  sr^i 
cui»  V'r  z.-'i  x"-;-   —  fi- 7.  'th:.''h  ^l!-    ri5e   in  ii-:  bsef 

jotziz^  iizzv-ip'-Lerf.     Ncce   e:uctly  zhe   space  a  *  ^tici  :: 
ocvTiri-rs.     Dnir  :c  vp  '-^'o  :ht  pc!?it:cE:  .?t   Fir-  o^-  ir.-.:  x^ 

the  c::;.--  I :  i^-  :^-:-_:2?-i-:  btft^f^E-  th-^  -r=;>-jrf  c?  :3c 
atoosr^er^  *z.d  tre  'f_L5':ic!':v  -t  ifce  iir  iiiciui:d  '^  Ae 
*!»«  2  .:.  AZ'i  *iz^  \::^  ^^i-^i,  :f  ■:  ^  w  ru'.d  ^  in  equ:- 
iron.>  wnh  -iw  »S>:-  rr-^s -*  -f  -he  am.^scfcer-.  ihe  wKSE^r 
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"Hi  cd  is  equivalent  to  the  elasticity  of  the  uicluded  air. 
^' While  dierefore  c  e  is  the  measure  of  the  elasticity  of  the 
"^•ommndiiig  atmo^here,  cd  will  be  the  mbaiure  of  th^ 
'  llisticity  of  the  included  air ;  and  ance  the  air  originally 
"^ooeupied  the  space  a  by  and  has  now  expanded  into  adi 

.  ^  have  —7  for  the  measure  of  its  density.     N.B.  c^  and 

" 'Cr^  tre  measured  by  the  perpendicular  Juights  of  die  oo* 
r  iMpiis,  but  a  b  and  a  d  must  be  measured  by  their  jolU 
I  egpacities. 

'?^   By  raising  the  inner  tube  still  higher,  the  mercury  will 
rise  higher,  and  the  included  air  will  expand  Still  fiur« 


S 


a  b 


filler,  and  we  obtain  another  c  d,  and  another  —^i  and  in 
•-  ad 

;^*li|i8  manner  the  relation  between  the  density  and  elasdcity 

f  ^itTttrefied  air  may  be  discovered. 

f^;-  ^hoB  examination  may  be  managed  nx)re  easily  by  meant 

^'if  the  air-pump.     Suppose  a  tube  a  e  (Fig.  69.)  contain^ 

^itg  H  small  quantity  of  air  a  6,  set  up  in  a  cistern  of  mei% 

^fQiy,  which  is  supported  in  the  tube  at  the  hogfat  e  b,  and 

^lit  ec  be  the  height  of  the  mercury  in  the  barometer.    Let 

^f^ttb  apparatus  be  set  under  a  tubulated  receiver  on  the 

T^jMnp-plate,  and  let  gn  be  the  pump-gage,  and  mn  be 

^made  equal  to  c  ^. 

'  Then,  as  has  been  already  shewn,  c  6  is  the  measure  of 

the  dastidty  of  the  air  in  a  6,  corresponding  to  the  bulk 

A  &.     Now  let  some  air  be  abstracted  from  the  receiver. 

The  dastidty  of  the  reminder  will  be  diminished  by  ita 

csjpansion ;  and  therefore  the  mercury  in  the  tube  a  e  will 

deicend  to  some  point  d     For  the  same  reasoD,  the  mer« 

eurj  in  the  gage  will  rise  to  some  point  o,  and  m  o  will 

express  the  elasticity  of  the  air  in  the  receiver.     This  would 

support  the  mercury  in  the  tube  a  e  the  height  er,  if  the 

•paoe  a  r  were  entirely  void  <^  air.     Therefore  rii  is!  tUs 

ctfkct  and  measure  of  the  elastidty  of  the  included  air  when 

ifc  has  expended  to  the  iiulk  ad;  and  Uiut  itt  elaatidtjv 
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under  a  variety  of  other  bulks,  may  be  compared  with  ita 
elasticity  when  of  the  bulk  a  b.  When  the  air  has  been  to 
iu  abstracted  from  the  receiver  that  the  mercury  in  a« 
descends  to  e,  then  m  o  will  be  the  precise  jneasure  of  its 
elasticity. 

In  all  these  cases  it  is  necessary  to  compare  its  bulk  a  b 
with  its  natural  bulk,  in  which  its  elasticity  balances  the 
pre^ure  of  the  atmosphere.  This  may  be  done  by  laying 
the  tube  ae  horizontally,  and  then  the  air  will  ooUiqpee 
into  its  ordinary  bulk. 

Another  easy  method  may  be  taken  for  this  examina- 
tion. Let  an  apparatus  abed ef  (Fig.  70.)  be  made^ 
consisting  of  a  horizontal  tube  a  e  of  even  bore,  a  boll 
dge  of  a  large  diameter,  and  a  six&n-neck  tube  hjl  Let 
the  ball  and  part  of  the  tube  ^  ^  6  be  filled  with  meicuiy, 
so  that  the  tube  may  be  in  the  same  horizontal  plane  with 
the  surface  de  of  the  mercury  in  the  ball.  Then  seal  up 
thfe  end  a,  and  connect  y  with  an  mr-pump.  When  the 
air  is  abstracted  from  the  surface  d  Cy  the  air  in  a  i  will  ex* 
pand  into  a  larger  bulk  a  c,  and  the  mercury  in  the  pump- 
gage  will  rise  to  some  distance  below  the  barometric  h^ht. 
It  is  evident  that  this  distance,  without  any  farther  calcu* 
lation,  will  be  the  measure  of  the  elasticity  of  the  mr  press- 
ing on  the  surface  d  e^  and  therefore  of  the  air  in  a  c. 

The  most  exact  of  all  methods  is  to  suspend  in  the  re- 
ceiver of  an  air-pump  a  glass  vessel,  having  a  very  narrow 
mouth  over  a  cistern  of  mercury,  and  then  abstract  the  air 
till  the  gage  rises  to  some  determined  height  The  difler- 
ence  e  between  this  height  and  the  barometric  height  de- 
termines the  elasticity  of  the  air  in  the  receiver  and  in  the 
suspended  vessel.  Now  lower  down  that  vessel  by  the  slip- 
wire  till  its  mouth  is  immersed  into  the  mercury,  and  ad- 
mit the  air  into  the  receiver ;  it  will  press  the  mercury  into 
the  Uttle  vessel.  Lower  it  still  farther  down,  till  the  mer- 
eury  within  it  is  level  with  that  without ;  then  stop  its 
mouth,    take  it  out  and  weigh  the  mercury,  and  let  its 
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^N^t  be  w.  Subtracl  lhi«  weight  from  the  weight  v  of  ' 
the  mercury,  which  would  completely  fi])  the  whale  vesselt  M 
thcD  tlie  natural  bulk  uf  the  air  will  be  v  —  to,  while  its  M 
bulkf  when  of  the  elasticity  e  in  the  rarelied  receiver,  wu  M 
tlw  bulk  or  capacity  w  of  the  vessel.     Its  density,  ther^  fl 

toKf  corresponding  to  this  elasticity  e,  was  ■ — .   And   J 

thus  may  tlie  relation  between  the  density  and  elastici^  A 
ia  all  cases  bo  obuincd.  J 

A  great  variety  of  experiments  to  this  purpose  have  J 
been  made,  with  different  degrees  of  attentioa,  accordioj^  M 
lo  the  interest  which  the  philosophers  had  in  the  result  ■ 
Those  made  by  Dc  Luc,  General  Roy,  Trcnibley,  and  m 
Sbuckbargh,  arc  by  far  the  most  accurate ;  but  they  are  M 
«U  confined  to  very  moderate  rax^factioos.  Tlie  generil  ■ 
result  has  been,  that  the  elasticity  of  rarefied  air  ia  very  I 
nearly  jiroportional  to  its  density.  We  cannot  say  with  M 
catilidencc  tliat  any  n^ular  deviation  from  this  law  has  M 
been  ufascrved,  there  being  as  many  observations  on  one  J 
■dc  as  on  the  ulber ;  but  we  think  that  it  la  not  unwortiij  J 
ihe  attention  uf  philosophers  to  determine  it  with  predwca^J 
in  the  cases  of  extreme  rarefaction,  where  the  irregulaiitiaKfl 
mm  must  remarkable.  The  great  source  of  error  ia  a  cer>>l 
ula  adtiesive  sluggifthness  nf  the  mercury  when  the  impel*] 
Img  forcm  tu-e  very  small;  and  otlier  fluids  can  hardly  be  I 
mod,  bwausc  they  citlier  cmear  the  inside  of  the  tube  and  I 
dmnmsh  its  capacity,  or  they  are  converted  into  vRpour»  1 
wfaidi  niters  the  law  of  clastiuty.  J 

Let  US,  upon  the  whole,  assume  the  Boylean  law,  vie  J 
Aat  the  eU&lkity  of  the  air  is  proportional  to  its  dcnsi^.  J 
The  law  dcviales  not  in  any  sensible  degree  from  tlie  truth  J 
in  llioae  coses  which  are  ul  the  greatest  practical  imporUj 
aoce,  that  i^,  when  the  density  does  not  much  exceed  or  fjdl  J 
abort  of  thfit  of  ordirriuy  air.  ^M 

Z..rt  u«  nnw  see  wi^at  information  this  gives  us  with  M>J 
spsijfi  Uu  octiaa  of  the  particles  uo  each  other.  J 
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The  investigation  is  extremely  easy.     We  hav^  seen 
that  a  force  eight  times  greater  than  the  pressure  of  the 
atmosphere  will  compress  common  air  into  the  eighth  part 
of  its  common  bulk,  and  give  it  right  times  its  oommoa 
denaty :  and  in  this  case  we  know,  that  the  parttdes  are 
at  half  their  former  distance,  and  that  the  number  which 
are  now  acting  on  the  surface  of  the  piston  employed  to 
compress  them  is  quadruple  of  the  number  whidi  act  on  it 
when  it  is  of  the  common  den»ty.     Therefore,  when  tlw 
eightfold  compressing  force  is  distributed  over  a  fourfold 
number  of  particles,  the  portion  of  it  which  acts  on  eadi  is 
double.    In  like  manner,  when  a  compressing  force  27  is 
employed,  the  air  is  compressed  into  gV  ^^  ^^  former  bulk) 
the  particles  are  at  ^  of  their  former  distance,  and  the  fiitte 
is  distributed  among  9  times  the  number  of  partides ;  the 

force  on  each  is  therefore  8.     In  short,  let  -  be  the  dOs- 

tance  of  the  particles,  the  number  of  them  in  any  given 
vessel,  and  therefore  the  density  will  be  as  a?*,  and  the 
number  pressing  by  their  elasticity  on  its  whole  internal  sur- 
face will  be  as  ai^.  Experiment  shows,  that  the  compresang 
force  is  as  ar^^  which  being  distributed  over  the  nuiftber  as 
or^,  will  give  the  force  on  each  as  x.  Now  this  force  is  in 
immediate  equilibrium  with  the  elasticity  of  the  partide 
immediately  contiguous  to  the  compressing  surface.  This 
elasticity  is  therefore  as  j: :  and  it  follows  from  the  natme 
of  perfect  fluidity,  that  the  particle  adjoining  to  the  ooin- 
pressing  surface  presses  with  an  equal  force  cm  its  adjoin- 
ing particles  on  every  side.  Hence  we  must  conclude,  that 
the  corpuscular  repulsions  exerted  by  the  adjoining  pir- 
ticles  are  inversely  as  their  distances  from  each  other,  or 
that  the  adjoining  particles  tend  to  recede  from'eadi  other 
with  forces  inversely  proportional  to  their  distances. 

Sir  Isaac  Newton  was  the  first  who  reasoned  in  this  man- 
ner  from  the  phenomena.  Indeed  he  was  the  first  who 
had  the  patience  to  reflect  on  the  phenomena  with  any  pw* 
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'•<i0ni.  His  discoveries  in  gravitation  naturally  gave  his 
ihouglils  this  turn,  and  he  very  early  hinted  his  suspicions 
that  all  the  cliarateristic  phenomena  of  tangible  matter 
were  produced  by  forces  which  were  exerted  by  the  parti- 
cles at  small  and  inaen^hle  distances.  And  he  considers 
the  ji^enomena  of  air  as  affording  an  excellent  example  of 
Ibis  investigation,  and  deduces  from  ihtm  the  law  which 
we  have  now  demonstrated ;  and  says,  tliat  air  consists  of 
particles  whidi  avoid  tlie  adjoining  particles  with  forces 
inwTsely  proportional  to  their  dintances  from  eacli  other. 
I  From  this  he  deduces  (in  the  9d  book  of  his  Principles) 
several  beautiful  propositions,  determining  the  mecliaoical 
,|  constitution  of  the  atmosphere. 

But  it  must  be  noticed  that  he  limits  this  action  to  the 
adfotniriff  particles :  and  thi^  is  a  remark  of  immense  con- 
!  sequence,  though  not  attended  to  by  the  numermis  experi- 
menters who  adopt  the  law. 

It  u  plain  that  tlie  particles  are  supposed  to  act  at  a 
idistance,  and  that  this  distance  is  variable,  and  that  the 
tarcea  diminish  as  the  distances  increase.  A  very  ordinary 
,air>jmmp  will  rarefy  the  air  125  times.  The  distance  of 
/ihe  particles  is  now  five  times  greater  than  before ;  and  yet 
jihey  still  repel  each  other :  for  mr  of  this  density  will  still 
JBupport  the  mercury  in  a  syphon-gage  at  the  beiglit  of 

ii-  24 

0^4,  or  -r?-r  of  an  inch  ;  and  a  better  pump  will  allow  this 

>fat  to  expand  twice  as  much,  and  still  leave  it  elastic. 
IThnt  we  sec  that  whatever  is  the  distance  of  the  [larticlcs 
of  common  air,  they  can  act  live  times  farther  ot}'.  The 
iquestion  comes  now  to  be,  Whether  in  the  state  of  commmr 
iuTt  they  really  do  act  five  times  farther  than  the  distance 
oT  the  adjoining  particles  ?  While  the  particle  a  acts  on  the 
particle  b  with  the  force  5,  does  it  also  act  im  the  particle 
IT  with  the  force  2,5,  on  the  particle  d  with  the  force  1,667, 
JDfl  the  jMrticle  e  with  the  force  t,25,  on  the  jiorticle /' with 


eh 


1  Ihe  panicle  g  witli  the  force  0,f<3S3,  &c.  ? 
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Sir  Isaac  Newton  shows  in  the  plainest  manner,  that  das 
is  by  no  means  the  case ;  for  if  this  were  the  case,  he  nudBB 
it  iqipear  that  the  sennble  phenomena  of  eondenaadda 
would  be  totally  different  from  what  we  obaenre.    The 
force  necessary  for  a  quadruple  condensatioD  would  be 
eight  times  greater,  and  for  a  noniqple  ooDdensatkat  the 
force  must  be  S7  times  greater.     Two  spherca  filled  wi& 
condensed  air  must  repel  each  other,  and  two  spheceaooD- 
taining  air  that  is  rarer  than  the  surrounding  air  must  at- 
tract each  other,  &c  &c.     All  this  will  appear  retj  dually, 
by  applying  to  air  the  reasoning  which  Sir  Isaac  Newton 
has  employed  in  deducing  the  senaUe  law  of  mat ual  ten^ 
dency  of  two  spheres,  which  consist  of  partidea  attracting 
each  other  with  forces  proportional  to  the  square  of  the 
distance  inversely. 

If  we  could  suppose  that  the  partides  of  air  tepeBad 
each  other  with  invariable  forces  at  all  distances  within 
some  small  and  insensible  limit,  this  would  produce  a  com- 
pressibility and  elasticity  similar  to  what  we  observe.  For 
if  we  conuder  a  row  of  particles,  within  this  Tunit,  as  com* 
pressed  by  an  external  force  applied  to  the  two  extremi- 
ties, the  action  of  the  whole  row  on  the  extreme  pdnts 
would  be  propcMTtional  to  the  number  of  partides,  that  i% 
to  their  distance  inversely  and  to  their  density :  and  a 
number  of  such  parcels,  ranged  in  a  straight  line,  would 
constitute  a  row  of  any  sensible  magnitude  having  the 
same  law  of  compression.  But  this  law  of  corpuscular 
force  is  unlike  every  thing  we  observe  in  nature,  and  to 
the  last  degree  improbable. 

We  must  therefore  continue  the  limitation  of  this  mutud 
repulsion  of  the  partides  of  air,  and  be  contented  for  the 
present  with  having  established  it  as  an  experimental  fiMi, 
that  the  adpining  particles  of  air  are  kept  asunder  by 
forces  inversely  proporUond  to  their  distances ;  or  petfai^ 
it  is  better  to  abide  by  the  sensible  law,  that  the  densUg  ^ 
air  U  proportional  to  the  compreMtingJbrce.    Thb  bw  ia 
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idanUy  suHicicat  fur  explabing  alt  tlie  Kubordiiwte 
pheiiunieiia,  and  for  giving  us  a  txxnpletekiuiwlL'dgeui'tlie. 
Bicchanica]  coiisUtution  of  our  atmosphere. 

Atuif  ta  ihe^rat  place,  this  view  uf  tiie  comprctsibiUty 
of  ifae  air  must  give  us  a  very  diSerent  notion  vf  the  heiglit 
of  the  alniospliere  from  what  we  deduced  on  a  former  («- 
duatHi  tVou)  our  expeiimcuts,  It  is  found,  tliat  when  the 
lor  is  uf  the  temperature  32"  of  Fahrenheit's  tliermoineter, 
aad  tjie  mercui^  in  the  barometer  stands  at  SO  inches,  it 
will  de&cend  oiie-tmth  of  nn  inch  if  we  take  it  to  a  place 
67  feet  higlier.  Therefore,  if  tile  air  were  equally  tienso 
amd  heavy  tiirougliuut,  the  height  of  the  atmosphere  would 
be  30  >:  10  X  87  feet,  or  five  miles  and  100  yards.  Sut 
the  loose  reasoning  adduced  on  tliat  occasion  was  enough 
to  show  us  that  it  must  be  mucli  higher ;  because  every 
•tTKtuni  as  we  asccud  must  he  successively  rarer  as  it  is  less 
compressed  by  incumbent  weight.  Not  linowing  to  what 
degree  air  expanded  when  the  compression  was  diminish- 
ed, we  could  not  tell  the  succes^ve  diminutions  of  density 
and  consequent  augmentation  of  bulk  and  height;  we 
could  only  say,  that  several  atmospheric  appearances  indi- 
cated a  much  greater  height.  Clouds  have  been  seen  nucJi 
hi^er ;  btit  the  phenomenon  of  the  twilight  is  the  innst 
euavincing  proof  of  this.  There  is  no  doubt  that  the  vi- 
nUUty  of  the  sky  or  air  is  owing  to  its  want  of  perti^t 
llfll»parency,  each  particle  (whetlier  of  matter  purely  aerial 
or  bct«rogcneous)  reflecting  a  httle  light. 

Let  fi  (Fig.  71.)  he  the  last  particle  of  illuminated  air 
which  can  be  ^ecn  in  the  horizon  by  a  speclator  at  A. 
ThJB  must  be  illuminated  by  a  ray  S  D  6,  toucliing  the 
oBTth's  surface  at  some  point  D.  Now  it  is  a  known  fact, 
that  tlic  degree  of  illumination  called  twiRght  is  perceived 
when  tlic  sun  is  IK"  below  the  horizon  of  the  spectator, 
that  is,  when  the  angle  EfiS  or  AC  D  is  18  degrees; 
(herelbrc  A  C  is  the  xecant  nf  nine  degrees ;  (it  is  less,  viz. 
■|l(DUt  b\  degrees,  on  account  of  rcfracliun).     We  know 
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the  earth^8  radius  to  be  about  3910  miles:  henoe  we  con- 
clude 6  B  to  be  about  45  miles ;  nay,  a  very  sellable  il- 
lumination is  perceptible  much  farther  firom  the  sun^s  place 
than  this,  perhaps  twice  as  &r,  and  the  ur  is  sufBckndy 
dense  for  reflecting  a  sensible  light  at  the  height  of  neidy 
SOO  miles. 

We  have  now  seen  that  air  is  prodigiously  expansiUe. 
None  of  our  experiments  have  distinctly  shown  us  any  K- 
mit  But  it  does  not  follow  that  it  is  expansible  without 
end ;  nor  is  this  at  all  likely.  It  is  much  more  prbbahk 
that  there,  is  a  certiun  distance  of  the  parts  in  winch  ibef 
no  longer  repel  each  other ;  and  this  would  be  the  distanca 
at  which  they  would  arrange  themselves  if  they  weie  not 
heavy.  But  at  the  very  summit  of  the  atmospbere  they 
will  be  a  very  small  matter  nearer  to  each  other,  on  account 
of  their  gravitation  to  the  earth.  Till  we  know  precis^ 
the  law  of  this  mutual  repulsion,  we  cannot  say  what  is  the 
hdght  of  the  atmosphere. 

But  if  the  air  be  an  elastic  fluid  whose  den^ty  is  always 
proportionable  to  the  compresauiig  force,  we  can  tdl  what 
is  its  density  at  any  height  above  the  siurface  of  the  earth: 
and  we  can  compare  the  density  so  calculated  widi  the 
density  discovered  by  observation :  for  this  last  is  mei^ 
sured  by  the  height  at  which  it  supports  mercury  in  the 
barometer.  This  is  the  direct  measure  of  the  pressure  of 
the  external  sir ;  and  as  we  know  the  law  of  gravitation, 
we  can  tell  what  would  be  the  pressure  of  air  having  the 
calculated  density  in  all  its  parts. 

Let  us  therefore  suppose  a  prismatic  or  cylindric  column 
of  air  reaching  to  the  top  of  the  atmosphere.  Let  this  be 
divided  into  an  indefinite  number  of  strata  of  very  small 
and  equal  depths  or  thickness ;  and  let  us,  for  greater  sim* 
plicity,  suppose  at  first  that  a  particle  of  air  is  of  the  same 
weight  at  all  distances  from  the  centre  of  the  earth. 

The  absolute  weight  of  any  one  of  these  strata  will  on 
these  conditions  be  proportional  to  the  number  of  particlei^ 
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or  the  gravity  of  air  contained  in  it ;  and  since  the  depth 
oflsach  stratum  is  the  same,  this  quantity  of  air  will  evi- 
dently  be  as  the  density  of  the  stratum :  but  the  density 
of  any  stratum  is  as  the  compressing  force ;  that  is,  as  the 
pressure  of  the  strata  above  it ;  that  is,  as  their  weight ; 
that  is,  as  their  quantity  of  matter— therefore  the  quantity 
of  air  in  each  stratum  is  proportional  to  the  quantity  of  air 
above  it ;  but  the  quantity  in  each  stratum  is  the  differ- 
ence between  the  column  incumbent  on  its  bottom  and  on 
its  top:  these  differences  are  therefore  proportional  to  the 
quantities  of  which  they  are  the  differences.  But  when 
there  is  a  series  of  quantities  which  are  proportional  to 
their  own  differences,  both  the  quantities  and  their  differ- 
enoes  are  in  continual  or  geometrical  progression :  for  let 
a»  6,  c,  be  three  such  quantities  that 

b:         c^a^^b  :   b-^c^  then,  by  altem. 

bia-^b^zc  :    b^^c  and  by  compos. 

bi         a  =  c       :       b 
and  a:         b  =  b  c 

therefore  the  densities  of  these  strata  decrease  in  a  geome- 
trical progression ;  that  is,  when  the  elevations  alx)ve  the 
centre  or  surface  of  the  earth  increase,  or  their  depths 
under  the  top  of  the  atmosphere  decrease,  in  an  arithme- 
tical progression,  the  den^ties  decrease  in  a  geometrical 
progression. 

Let  A  R  Q  (Fig.  72.)  represent  the  section  of  the  earth 
by  a  plane  through  its  centre  O,  and  let  fra  O  A  M  be  a  ^ 
vertical  line,  and  A  £  perpendicular  to  O  A  will  be  a  ho- 
rixontal  line  through  A,  a  point  on  the  earth\s  surface. 
Let  A  £  be  taken  to  represent  the  density  of  the  air  at  A ; 
and  let  D  H,  parallel  to  A  £,  be  taken  to  A  £  as  the  den- 
sity at  D  is  to  tile  density  at  A  :  it  is  evident,  that  if  a  lo- 
gistic or  logarithmic  curve  £  H  N  be  drawn,  having  A  N 
for  its  axis,  and  passing  through  the  points  £  and  H,  die 
density  of  the  air  at  any  other  iH)int  C,  in  this  vertical  line, 
will  be  represented  by  C  G,  the  ordinate  to  the  curve  in ' 
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that  point:  for  it  is  the  property  of  thii  curve,  that  if  por- 
tioDS  A  B,  A  C,  A  D,  of  itB  axis  be  tAm  in  nitbiDetibd 
pro^resson,  the  ordinates  A  £,  B  F,  C  6,  D  H,  witt  be  ia 
geometrical  progresnon. 

It  18  another  fiindamental  property  of  this  eorpe,  thiAif 
£  K  cor  H  S  touch  the  curve  in  £  or  H,  die  BabCaagoit 
A  K  or  D  S  is  a  constant  quantity. 

And  a  third  fundamental  prc^rtj  is,  that  die  infiutdj 
extended  area  MA£N  is  equal  to  the  rectangle  KA£L 
of  the  ordinate  and  subtangent ;  and,  in  like  manner,  ^ 
area  MDHN  is  equal  to  SDxUH,  or  toKAxDH; 
consequently  the  area  lying  beyond  any  onfinale  is  proper 
tional  to  that  ordioi^. 

These  geometrical  properties  of  this  curve  are  all  onab- 
gous  to  the  chief  drcumstances  in  the  constitution  of  the 
atmosphere,  on  the  suppontion  of  equal  gravity.  The 
area  MC6N  r^resents  the  whole  quantity  of  aereal  mat- 
ter which  is  above  C  :  for  CG  is  the  density  at  C,  and  CD 
is  the  thickness  of  the  stratum  between  C  and  D ;  and 
therefore  CGHD  will  be  as  the  quantity  of  matter  or  anr 
in  it ;  and  in  like  rnann^  of  all  the  others,  and  of  dieir 
sums,  or  the  whole  area  MC6N :  and  as  each  ordinate  is 
proportional  to  the  area  above  it,  so  each  density,  and  the 
quantity  of  air  in  each  stratum,  is  proportional  to  the  quan* 
tity  of  air  above  it :  and  as  the  whole  area  MAEN  is  equal 
to  the  rectangle  EAEL,  so  the  whole  air  of  variable  den- 
sity  above  A  might  be  contained  in  a  column  KA,  if,  in- 
stead of  being  compressed  by  its  own  weight,  it  were  wiA- 
out  weight,  and  compressed  by  an  extemai  force  equal  to 
the  pressure  of  the  air  at  the  surface  of  the  earth.  In  dns 
case,  it  would  be  of  the  uniform  density  AE,  which  it  has 
at  the  surface  of  the  earth,  making  what  we  have  repeat- 
edly called  the  homogeneous  atmosphere. 

Hence  we  derive  this  important  circumstance,  that  the 
height  of  the  homogeneous  atmosphere  is  the  subtangent 
of  that  curve  whose  ordinates  are  as  the  dennties  of  the 


wr  at  different  beighta,  ou  the  su^^naition  ai'  e(|Ual  gnvity. 
Thic  curve  may  Witti  propriety  he  called  tEie  ATUOsntE> 
BiCAL  loujvbithmic  ;  sad  as  the  different  logarithiuieB  xru 
all  chjtrartenzod  by  their  eubtaagents,  it  is  of  importaiux 
to  determine  this  one. 

It  mar  be  done  by  comparing  the  densities  of  jataauy 
and  air.  For  a  udunin  of  air  of  uitifom  density,  reach- 
ing to  the  top  of  tike  homogeooous  atmosphere,  is  in  equi- 
fifario  with  the  mercury  in  the  barooioter.  Now  it  is  found 
by  the  best  experiments,  that  when  mercury  and  air  are  of 
the  temperature  SS"  of  Fahrenheit's  t)icrnioineter,  and  the 
barometer  stands  at  30  inches,  the  mercury  is  nearly  10440 
Umes  denser  than  air.  TherelVire  the  height  of  the  homo- 
geneout  atoiosj^i^^  is  HMO  times  JO  indies,  or  S610U 
(etiy  or  8700  yards,  or  4350  fathoms,  or  five  miles  vnntUig 
100  yank 

Or  it  may  be  found  by  ubservatiuns  on  the  barometer. 
Icifllbund,  that  when  the  mercury  and  sir  are  of  the 
above  temperature,  and  the  barometer  on  the  sea^sliere 
stands  at  SO  inches,  if  we  carry  it  to  a  pla^^'e  884  feet 
higher  it  will  fall  to  Sg  inches.  Now,  in  all  l(^;arithnuc 
curves  having  equal  ordinates,  the  portions  of  the  axb  in- 
terccpted  between  the  corresponding  pairs  of  ordinatca  are 
proportional  to  the  subtaiigetils.  And  the  subtangcnts  of 
the  curve  belonging  to  our  common  ubles  is  0,434^15, 
and  the  difference  of  the  logarithms  of  30  and  VQ  (which 
i»  the  portion  of  tlie  axifl  intercepted  between  the  ordinates 
30  and  29),  or  0,0147233,  is  to  0,434S945  as  8S3  is  to 
36USS  feet,  or  8()86  yards,  or  4343  fathoms,  or  5  mtlea 
wanting  11+  yards.  This  determination  is  14  yarda  lesa 
than  the  other,  and  it  is  uncertain  which  is  the  most  ex- 
act It  is  extremely  difficult  to  measure  the  respective 
deouties  of  raerctiry  ond  air  ;  and  in  measuring  the  etev»> 
tion  which  produces  a  finll  of  onv^  inch  in  tW  barometer,  an 
crroir  (if  b'q  uf  on   uicli  would  produce  all  the  diffcrvnca 

e  iircfcr  the  laat,  as  dcjicnding  on  fewer  circumstances. 
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But  all  this  investigatkni  proceeds  on  the  supponlion  of 
equal  gravity,  whereas  we  know  that  the  we^t  of  a  par- 
ticle of  air  decreases  as  the  square  of  its  distance  fimn  the 
centre  of  the  earth  increases*  In  order,  therefore^  that  a 
superior  stratum  may  produce  an  equal  pressure  at  the 
surface  of  the  earth,  it  must  be  denser,  because  a  particle 
of  it  gravitates  less.  The  density,  therefore,  at  equal  ele- 
vations, must  be  g^reater  than  on  the  supposition  of  equal 
gravity,  and  the  law  of  diminution  of  density  must  be  dif- 
farent. 

Make        OD:  OA  =  OA:0<i. 

OC:OA  =  OA:0«;      , 
0B:0A  =  0A:06,  8w5, 
so  that  O  d,  O  c,  O  6,  O  A,  may  be  reciprocals  to  OD,  0C» 
OB,  OA ;  and  through  the  points  A,  6,  c,  dj  draw  the 
perpendiculars  AE,  6/^  eg,  d  6,  making  them  proportioii* 
al  to  the  densities  in  A,  B,  C,  D  :  and  let  us  suppose  CD 
to  be  exceedingly  small,  so  that  the  density  may  be  sup- 
posed uniform  through  the  whole  stratum.    Thus  we  have 
ODxOd  =  OA^=OCxOc 
and     Oc:Od=OD:OC; 
and     Oc:  O c  —  O d  =  OD :  OD— OC, 

or     Oc:  cd  =  OD:DC; 
and     cd:CD  =  Oc:OD; 
or,  because  OC  and  OD  are  ultimately  in  the  ratio  of  equa- 
lity, we  have 

cd:CD  =  0c:0C  =  0A*:0C2, 

and  cd  =  CD  X  tj^^  and  cdxcg  =  CD  x  cg-x  rrj^J 

OA^ 
but  CD  X  eg  X  -^^^  is  as  the  pressure  at  C  arising  from 

the  absolute  weight  of  the  stratum  CD.  For  this  wei^t 
is  as  the  bulk,  as  the  density,  and  as  the  gravitation  of' 
each  particle  jointly.    Now  CD  expresses  the  bulk,  eg  the 

OA^ 

denidty,  and  —^  the  gravitation  of  each  particle.    There- 
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we,  cd  X  eg  is  as  the  pressure  on  C  arising  from  the 
'eight  of  the  stratum  DC  ;  hut  cdx'^g^  evidently  the 
if  the  curviUneal  area  A  m  n  E,  fonncd  by  the 
(urveEyg-A  n  and  the  ordinatGS  AE^bJ]  c^,  aft,  &c.  mn. 
Xherefore  the  sura  of  all  the  elements,  such  as  cdhg,  that 
i>»  the  area  cm 71  g- below  eg,  will  be  as  the  it-Ao/e  prea- 
C,  arising  from  the  gravitation  of  all  the  air  above 
but,  by  the  nature  of  air,  this  whole  pressure  is  as  the 
ity  which  it  produces,  that  is,  as  eg.  Therefore  the 
E^n  is  of  such  a  nature  that  the  area  lying  below 

beyond  any  ordinate  c  gi%  proportional  to  that  ordinate. 
7his  is  the  property  of  the  logarithmic  curve,  and  E^n 

a  logarithmic  curve. 

But  farther,  this  curve  is  the  same  with  EGN.  For  let 
B  continually  approach  to  A,  and  ultimately  coindde 
irith  it.  It  is  evident  that  the  ultimate  ratio  of  DA  to  Ab, 
«nd  of  BF  to  hf,  is  that  of  equaUty  ;  and  if  EFK,  E/t, 
be  drawn,  they  will  contain  equal  angles  with  the  ordinate 
A£,  and  will  cut  off  equal  subtangents  AK,  A  k.  The 
curves  EGN,  £  ^  »  are  therefore  the  same,  but  in  oppo- 
site positions. 

Lastly,  if  OA,  0  4,  0  c,  O  d,  he.  be  taken  in  arithme- 
tical  progression  decreasing,  their  reciprocals  OA,  OB,  OC, 
OD,  See.  will  be  in  harmonica!  progression  increasiog,  as 
IB  veil  known ;  but,  from  the  nature  of  the  logarithmic 
curve,  when  OA,  0  6,  0  c,  O  t/,  &c.  are  in  arithmetical 
progression,  the  ordinates  AE,  bj^,  eg,  d  h,  &c.  are  in  getv 
metrical  progression.  Therefore  when  OA,  OB,  OC, 
OD,  &c.  are  in  harmonical  progression,  the  densities  of  the 
tax  at  A,  B,  C,  D,  £cc.  are  in  geometrical  progression ; 
and  thus  may  the  density  of  the  air  at  all  elevations  be  dis- 
covered. I'hus  to  find  the  density  of  tlie  air  at  K  the  top 
of  the  homogeneous  atmosphere,  make  OK  :  OA  =  OA  : 
OL,  and  draw  the  ordinate  LT,  LT  is  the  density  at  K. 

The  celebrated  Dr  Halley  was  the  first  who  observed 
the  relation  between  the  density  of  the  ^r  and  the  ordinate! 


k 
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of  ilw  li^arUbmic  curve,  arconiDtaa  lug^lhoM.   llwte 
did  ta  the  suppueition  of  equal  gravUjr  ;  aad  Iwfinifai 
is  acknowiedged  by  ^  Isaac  Newton,  in  iVincip.  i-fi^ 
2S.  «cAo/.     Halle/s  dissertaUM)  oa   the  sukj«aiiial|i 
185.  of  ihe  Fhit.  Trans.    Newton,  with  fau  ummI 
extended  llie  same  relation  b>  the  true  eUU«flhtas^ 
where  grnvity  is  as  llie  square  of  the  diataBoe  isn 
and  showed  that  wheo  the  disUaces  from  the  rutin 
ore  in  harmonic  progresakm,  the  densities  arc  in  gn 
progrcsaoo.     He  shows  indead,  in  general,  whM  p 
titou  of  the  distance,  on  any  aupposilion  of  graiAj,  tfl 
prodnce  a  geometrical  progreE»oD  of  the  deontUfOS 
obtain  a  set  of  lines  OA,  Ob,Oc,  OH,  Sec,  wkiA  «3 
logiuitbms  of  the  densities.     The  subject 
treated  in  a  more  familiar  manner  by  Cotca  in  hwJ3|ifa4 
Led.  and  in  his  Hamonia  Mensuramaii   aln  if  Ik 
Brooke  Tayk»r,  McVi.  Increment :  Wolf  io  H^JenMtntl 
Herman  in  his  Pliorontmia ;  &c.  &c   and  kte^  hjBmk 
ley,  Phil.  Trans,  torn.  Ixiv. 

We  hare  ^hown  how  to  detemtiae  ^  priori  the  daily 
of  the  air  at  different  elevations  above   the  sui&niflkl 
eaith.     But  the  den^tics  may  be  discovered  ia  dl 
able  elevatioDa  by  csperimente;    namely,   hj  obi 
the  hnghts  of  the  mercury  in  llie   barometer.    Thitb 
direct  measure  of  the  pressure  of  the 
sphere ;  and  this  is  pn^xxtiooal  (o  the 
produces. 

Therefore,  by  means  of  the  relation 
the  densities  and  Uie  elevations,  we  can  diBOor«r  tbe 
trans  by  observations  made  on  ibe  densities  bv  Mfl 
the  barumeter ;  and  thus  we  may  measun 
BcaBB  of  the  banmeler ;  and,  with  VEzy 
taka  the  krel  of  any  extensiTc  tract  of 
wc  have  an  illostrious  example  in  tbe  M 
Ahbc  Choppc  D'Autcrodic  has  given  of 
try  hdvfCQ  BfCM  and  EkatoinsnfaiH^  k  fi 
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t  wiilcli  dcscTvca  a  mioute  considcmtiMi :  w«  thail 
therefore  present  it  under  a  very  simple  and  fainiliBt  fnrii»; 
ftDd  trace  ihc  method  througli  its  various  steps  of  improio- 
meiit  by  De  Luc,  Roy,  Shackburgh,  &c, 

Wt!  have  already  observed  oftener  than  once,  that  if  the  ' 
mercury  in  the  bnroiiictcr  etands  at  30  inches,  and  if  the 
air  and  mercury  be  of  the  tMnperalure  32"  in  Fahrenhcifa 
thermometer,  it  column  of  air  87  feet  thick  has  the  same 
weight  with  a  column  of  mercury  j'^  of  an  inch  tliick. 
Therefore,  if  we  carry  the  barometer  to  a  Iiigher  place,  so 
that  the  mercury  sinks  to  iQ.ff,  we  liave  ascended  87  feet. 
Now,  suppose  we  carry  it  still  higher,  and  that  the  mer- 
cury stands  at  29.S ;  it  is  required  to  know  what  height 
we  have  now  got  to  ?  We  have  evidently  ascended  through 
anodier  stratum  of  equal  weight  witli  the  former :  but  it 
must  be  of  greater  thickness,  because  the  air  in  it  is  rarer, 
boBg  less  compressed.  We  may  call  the  density  of  tlie 
firat  stratum  300,  measuiing  the  denaty  by  the  iitimbeT 
of  tenths  of  an  incli  of  mercury  which  its  elasticity  propoT' 
tional  to  its  density  enables  it  to  support.  For  the  seme 
nmaa,  the  demity  of  the  second  stratum  must  be  S99: 
but  when  the  weights  are  et^ual,  the  hulks  are  inversely  H 
the  densities ;  and  when  the  haixs  of  the  strata  are  equal, 
the  bulks  are  as  the  thicknesses.  Therefore,  to  obtain  the 
thicknesa  of  this  second  stratum,  say  2'J9:300  =  87:87,89; 
and  this  fourth  term  is  the  thickness  d"  the  second  stratum, 
and  we  have  ascended  in  all  174,29  feet.  In  like  manner 
ws  Diay  rise  til)  the  barometer  shows  the  density  to  bo  S08 : 
then  say,  298 :  SO  =  87 :  87.584  for  the  thickness  of  lite 
fliird  stratum,  and  261,875  or  2613  for  the  whole  asceui; 
and  we  may  proceed  in  tlie  same  way  for  any  number  of 
mercarial  heights,  and  make  a  table  of  the  corresponding 
eWments  as  follows :  where  the  first  column  is  the  height 
of  the  mercury  in  tlie  barometer,  the  second  column  is  the 
thickness  of  the  stratum,  or  the  elevation  above  the  pre- 
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ceding  station ;  and  the  third  column  is  the  whole  den* 
tion  above  the  first  station. 

Bar.  Stnt  Elev. 

30  00,000  00,000 

29,9  87,000  87,000 

29,8  87,291  174,291 

29.7  87,684  261,875 
29,6  87,879  849,764 
29,6  .88,176  437,930 
29,4  88,476  626,405 
29,3  88,776  616,181 
29,2  89,079  704,260 
29,1  89,884  793,644 
29  89,691  883,385 

Having  done  this,  we  can  now  measure  any  elevation 
within  the  limits  of  our  table,  in  this  manner : 

Observe  the  barometer  at  the  lower  and  at  the  upper  sta* 
tions,  and  write  down  the  corresponding  elevations.  Sub- 
tract the  one  from  the  other,  and  the  remidnder  b  the 
height  required.  Thus  suppose  that  at  the  lower  station 
the  mercurial  height  was  29,8,  and  that  at  the  upper  sta- 
tion  it  was  29,1.  • 

29,1  793,644 

29.8  174,291 


619,853  =  Elevation. 
We  may  do  the  same  thing  with  tolerable  accuracy 
without  the  table,  by  taking  the  medium  m  of  the  mercu- 
rial heights,  and  their  difierence  d  in  tenths  of  an  inch ; 
and  then  say,  as  fn  to  300,  so  is  87d  to  the  haght  required 

,        ,      300x87(i     261  OOd      ^,         •     ^u     r 

A:orA  =  — = .      Thus,   m  the  foretromff 

mm  ©     © 

example,  m  is  294,5,  and  d  is  =  7 ;  and  therefore  h  = 
—-qQi,t:-  ""^  620,4,  difiering  only  one  foot  from  the  former 
value. 
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Either  of  these  methods  'la  sufficiently  accurate  for  most 
purpoaea,  and  even  in  verj-  great  elevations  will  not  pro- 
duce any  error  of  consequence :  the  whole  error  of  the  ele- 
Tatioti  iS83  feet  4  inches,  which  is  the  extent  of  the  above 
tabic,  is  only  f  of  an  inch. 

But  wc  neeil  not  confine  ourselves  to  methods  of  ap^ 
proximation,  when  we  have  an  accurate  and  scientific  me- 
thod that  is  equally  easy.  We  have  scon  thai,  upon  the 
Btipposilion  of  equal  gravity,  the  densities  of  the  air  arc  as 
the  ordinates  of  a  logarithmic  curve,  having  the  line  of  cle* 
rations  for  its  axis.  Wc  have  also  seen  that,  in  the  true 
theory  of  gravity,  if  the  distances  from  the  centre  of  the 
eartJi  increase  in  a  harmonic  progression,  tlie  If^arilhm  of 
ibe  densities  will  decrease  in  an  arithmetical  progression ; 
but  if  the  greatest  elevation  above  the  surface  be  but  a  few 
miles,  this  harmonic  progression  will  hardly  d'lWer  from  an 
arithmetical  one.  Thus,  if  A 6,  Ac,  Ad,  are  1,  2,  and 
3  miles,  we  shall  find  that  Ihc  corresjxmding  elevations  AB, 
AC,  AD  are  sensibly  in  arithmetical  progression  also :  for 
■Berth's  radius  AC  is  nearly  4000  miles.     Hence  it 


follows,  that  BC—AB  is  J 


I 


4000X4001,       Hi004000 

ain'de,  or^^  of  an  inch;  a  quautity  quite  insignifl- 

cant.  We  may  therefore  aflirm  without  he^tation,  that  la 
all  accessible  places,  the  elevations  increase  in  an  arithme- 
tical progression,  while  the  densities  decrease  in  a  geom^ 
tricol  progression.  Therefore  the  ordinates  are  propor- 
tioDal  to  the  numbers  whii4i  are  taken  to  measure  the  den- 
utics,  and  the  portions  of  the  axis  are  proportional  to  the 
logarithms  of  these  numbers.  It  follows  therefore,  that  wc 
may  take  such  a  scale  tcir  measuring  the  densities  that  tlie 
Icgarithms  of  the  numbers  of  tliis  scale  shall  be  the  vcrjr 
portions  of  the  axis ;  thai  is,  of  the  vertical  line  in  feet, 
jMiih,  fathoms,  or  »hat  measure  wc  please  :  and  wc  may. 
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ott  the  other  hand,  choose  audh.  a  8cak  for  memmog  our 
elevatioos^  that  the  logarithsis  of  our  scale  of  denakies  ehail 
be  parts  of  this  scale  of  elevationa ;  and  we  may  find  either 
c^  these  scales  sctentifically.  For  it  is  a  known  property 
of  the  logarithmic  curves,  that  when  the  ordinates  are  the 
saioe^  the  intercepted  portions  cf  the  abscisses  are  propor- 
tional to  th^  suhtangpnta  Now  we  know  the  aubtaageDt 
of  the  atmoq^erical  logaritbtiic :  it  is  the  hdght  of  the  ho» 
nogeneous  atmosphere  in  any  measure  we  j4eaaey  suppose 
fathoms :  we  find  this  height  by  comparing  the  granties  of 
air  and  mercuiy,  when  both  are  of  some  determined  dcnsi 
ty .  Thnsy  in  the  temperaiure  of  38^  of  Fahrenhot^a  thcr* 
mometer,  when  the  barometer  standa  at  30  inches,  it  is 
known  (by  many  experiments)  that  mercury  ia  10483^068 
times  heavier  than  air  ;  therefore  the  height  of  the  balane- 
ing  colnmn  of  homogeneous  air  will  be  10428,068  times 
SO  inches,  that  is,  4843,945  English  fathoms.  Agun,  it 
ia  known  that  the  subtangent  of  our  common  logarithmic 
tables,  where  1  is  the  logarithm  of  the  number  10,  is 
0,4842945.  Therefore  the  number  0,4348945  ia  to  the 
difference  D  of  the  logarithms  of  any  two  barometric 
hdghts  as  4342,945  fathoms  are  to  the  fathoms  F  contain- 
ed in  the  portion  of  the  axis  of  the  atmospherical  logar- 
ithmic, which  is  intercepted  between  the  ordinates  equal  to 
these  barometrical  heights;  or  that  0,4348946  :  D  = 
4348,945 :  F,  and  0,4348,945  :  4348,946  =  D  :  F ;  but 
0,4848945  is  the  ten-thousandth  part  of  434e»94G,  and 
therefore  D  is  the  ten-thousandth  part  of  F. 

And  thus  it  happens,  by  mere  chance,  that  the  kgarithms 
of  the  densities^  measured  by  the  inches  of  metooij  which 
their  elasticity  support*  in  the  barometer,,  are  juat  Ibe  lets- 
thousandth  part  of  the  fathoms  contained  in  the  eonetapowl. 
ing  portions  of  the  axis  of  the  atmofioherical  logtMank. 
xneretore,  if  we  multiply  our  common  logarithms  by 
10000,  they  will  express  the  &thoms  of  the  axia  of  the  at- 
mospherical logarithmic ;  nothing  is  more  easily  done.  Our 
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togsrithms  contain  what  ii  called  the  index  or  diaracteris- 
tie,  which  is  an  integer  and  a  number  of"  deoimiU  places. 
Let  usju-st  remove  the  integer-place  four  figures  to  the 
rigbt  hand:  thus  the  iogaritlim  of  60  ia  1.7781513,  which 

w  integer  and  t()Qj^,Q55[j-     Multiply  this  by  10,000, 


1001  '       '        ^"   '  1000' 

The  practical  application  of  all  this  reasoning  is  obvious 
nd  easy :  observe  the  heights  of  the  mercury  in  the  baro- 
Wter  at  the  upper  and  lower  stations  in  inches  and  ded- 
>il«;  take  tlie  logarithms  of  these,  and  subtract  the  one 
wn  the  other :  the  difierence  between  them  (accounting 
■  first  dci'inittl  figures  as  integers)  is  the  diflerence 
I  of  fathoms. 


Example. 

I  Men.  Height  at  tlie  lower  station  29,8       -        1.474SI63 
upper  station  39,1        -       \.M 


|log.  X 10000  -  -  -  0.0103,833 

s  and  ^jyjjofa  fathom,  which  is  619,892 

6l9  feet  4|  inches;  differing  from  the  approximal- 

formerly  found  about  i  an  inch. 
is  the  general  nature  of  the  barometric  measure- 
heights  first  suggested  by  Dr  Halley ;  and  it  has 
V«Ti6ed  by  numberless  comparisons  of  the  heights  cal- 
cdMed  in  this  way  with  the  same  height  measured  geome- 
triciQy.  It  was  indeed  in  this  way  that  the  precise  spe- 
cific gravity  of  air  and  mercury  was  most  accimitely  de- 
termined, naiiicly,  by  observing,  that  when  the  tempera- 
ture of  air  an<l  mercury  was  32,  die  difference  of  the  loga- 
pilinn  of  the  mercurial  heights  were  precisely  the  fathoms 
Afekvation.  But  it  requires  many  corrections  to  adjiiat 
Vot.  III.  2T 
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this  method  to  the  circumstanoes  of  the  case ;  and  it  wai 
not  till  very  lately  that  it  has  been  so  far  adjusted  to  them 
as  to  become  useful.  We  are  chiefly  indebted  to  M«  de 
Luc  for  the  improvements.  The  g^eat  devations  in  Swit* 
zerland  enabled  him  to  make  an  immoise  number  of  obser- 
vations, in  almost  every  variety  of  drcumstances.  Sir  Greorge 
Shuckburgh  also  made  a  great  number  mih  most  accurate 
instruments  in  much  greater  elevations,  in  the  same  coun- 
try ;  and  he  made  many  chamber  experiments  tar  detefnin- 
ing  the  laws  of  variation  in  the  subordinate  drcumstanoeSi 
GeneralRoyalsomademany  to  the  same  purpose.  Andto 
these  two  gentlemen  we  are  diiefly  obliged  for  the  ooneo- 
tions  which  are  now  genoidly  adopted. 

It  b  easy  to  perceive,  that  the  method,  as  almdy  ex- 
pressed, cannot  apply  to  every  case :  it  dqiends  on  the  spa> 
dfic  gravity  of  ur  and  mercury,  combined  with  the  suj^ 
sition  that  this  is  affected  onfy  ly  a  change  of  preMtim. 
But  since  all  bodies  are  expanded  by  heat,  and  as  tha«  is 
no  reason  to  suppose  that  they  are  equally  expanded  by  it, 
it  follows  that  a  change  of  temperature  will  change  the  re- 
lative gravity  of  mercury  and  air,  even  although  both  suf- 
fer the  same  change  of  temperature :  and  since  the  air  may  be 
warmed  or  cooled  when  the  mercury  is  not,  or  may  change 
its  temperature  independent  of  it,  we  may  expect  still  great- 
er variations  of  specific  gravity. 

The  general  effect  of  an  augmentation  of  the  specific  gra- 
vity of  the  mercury  must  be  to  increase  the  subtangent  of 
the  atmospherical  logarithmic ;  in  which  case  the  logarithms 
of  the  densities,  as  measured  by  inches  of  mercury,  will  ex- 
press measures  that  are  greater  than  fathoms  in  the  same 
proportion  that  the  subtangent  is  increased ;  or,  when  the 
air  is  more  expanded  than  the  mercury,  it  will  require  a 
greater  height  of  homogeneous  atmosphere  to  balance  80 
inches  of  mercury,  and.  a  given  fall  of  mercury  will  then 
correspond  to  a  thicker  stratum  of  air. 

In  order,  therefore,  to  perfect  this  method,  we  must  learn 
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nm&l  how  much  mercury  expands  by  an  increase 
of  temperature ;  we  must  also  learn  how  much  the  car  ex- 
pands by  tiie  same,  or  any  change  of  temperature ;  and , 
how  much  its  elasticity  is  aii'ected  by  it.  Both  these  circum- 
fltonces  must  be  considered  in  the  case  of  air;  for  it  mi^t 
ha[^n  that  the  elastidty  of  the  mr  is  not  so  much  affected 
by  heat  as  its  bulk  is. 

It  will,  tlierefore,  be  proper  to  state  in  this  place  the  ex- 
periments which  have  been  made  for  a^Kertaining  these  two 
expansions. 

The  most  accurate,  and  the  beet  adapted  experiments  for 
ascertaining  the  expan^on  of  mercury,  are  those  of  General 
Roy,  published  in  tlie  (>7tb  volume  of  the  Philosophical 
Transactions.  He  exposed  30  inches  of  mercury,  actually 
supported  by  the  atmosj^ere  in  a  barometer,  in  a  nice  ap* 
panUu«,  by  which  it  could  be  made  of  one  uniform  tempe> 
rature  through  its  whole  length ;  and  he  noted  the  expan* 
tion  of  it  in  decimals  of  an  inch .  These  are  contained  in 
the  following  table  ;  where  the  first  column  expresses  the 
temperature  by  Fahrenheit's  thermometer,  the  second  co- 
lumn expresses  the  bulk  of  the  mercury,  and  the  third  co-  . 
hnno  the  expansion  of  on  inch  of  merciu'y  for  a 
of  one  degree  in  the  adjoining  temperatures. 

Table  A. 


S*mp. 

Metcri. 

Exp.,..  10,  1- 

Temp, 

Bulk  uf 
Merc.y. 

Kipnn.  for  1<> 

nr 

30,51  IT 

«,0(KH)7*i3 

10^^ 

30,!*M 

o.nodioos 

«r» 

30.tS89 

OfiimiM 

88 

30. IBS  8 

0,0001013 

U) 

30.*(fS« 

o.ouoosiu 

Si 

30.1(il5 

0,000)0*3 

tut 

3(),*«!H 

0,(HM)08:« 

78 

30.1308 

0.000 ro«3 

in 

30.*l5i» 

O.OOOOtt^T 

Si 

a<J.II9S* 

0,0001077 

16S 

au.siKii 

0,()()UUSHO 

SO.OflOl 

0,fKK)10»3 

IM 

SOJtiSS 

o.mmo&rB 

** 

30.0333 

0,0001110 

141 

3o.-s.m 

o-oaim'tii 

32 

■M.tMM 

0,0001187 

ISt 

Ho.aoao 

n.mwns 

it 

it>,t)l!S8 

0.0001  IM 

1U 

30.WOT 

(Kotumos 

la 

W.fl3l8 

0,0001160 

111 

3o.wia 

CWXHIBlKt 

ii 

tMfKII 

0,0001177 

«» 
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This  table  gives  nx  to  some  reflectiofw.  Tfct  ■ 
tlie  thermometer  is  constructed  on  tlie  auppasilkn  (fatt  d 
successive  degrees  of  heat  are  measured  by  t 
ments  of  bulk  in  the  mercury  of  the  tliei 
comes  it,  therefore,  that  this  is  not  accompani 
Increments  of  bulk  in  the  mercury  of  the  columa,  1 
the  corresponding  expansions  of  this  column  do  a 
diminish  P  Genera)  Roy  attributes  this  to  the  gr 
tachment  of  elastic  matter  from  the  mercury  by  h 
presses  on  the  top  of  the  column,  and  therefore^ 
He  applied  a  boiling  heat  to  the  vacuum  i 
producing  any  farther  depression ;  a  proof  thai  ill*  b 
meter  had  been  carefully  filled.  It  had  indeed  been  bt 
through  its  whole  length.  He  had  attempted  to  n 
the  mercurial  expanaon  in  the  usual  way,  by  filling  30iliJ 
of  the  tube  with  boiled  mercury,  and  exposing  it  Ui  ihi 
heat  with  the  open  end  uppermost.  But  here  it  ii  m 
dent  that  the  expansion  of  the  tube,  and  its  solid  caauau, 
must  be  taken  into  the  account.  The  cxpaoaoo  <i  At 
tube  was  (bund  so  exceedingly  irregular,  atnl  so  iwipriit 
of  being  determined  with  precision  for  the  tube*  MA 
were  to  be  employed,  that  he  was  obliged  to  havemsBS 
to  the  method  with  the  real  barometer.  In  this  w  ttpti 
was  necessary  to  any  circumstance  but  the  perpenAcakt 
bdght.  There  was,  besides,  a  propriety  in  exaniinini;  the 
mercury  in  the  very  condition  in  which  it  was  usni  fir 
measuring  the  pressure  of  the  atmosphere ;  because  wtml- 
ever  complication  there  was  in  the  results,  it  was  the  a 
in  the  barometer  in  actual  use. 
.  The  most  obvious  manner  of  applying  these  exp 
on  the  expansion  of  mercury  to  our  purposu,  is  to  P 
the  observed  height  of  the  mercury  to  wfiat  it  wQuld  fc 
been  if  it  were  of  the  temperature  !i2.  Thus,  sujipoaetli 
the  observed  mercurial  height  is  S9,3.  and  that  the  it 
ture  of  the  mercury  is  I'i",  make  3ll,I:J0i :  30=  29,2:  J 
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This  will  be  the  true  ineiisiii'c  of  tlio  density  of  the 
|ir  of  tlie  standard  temperature.  In  order  that  we  amy 
ibtain  the  exact  temperature  of  the  mercury,  it  is  proper 
bat  the  observation  be  made  by  means  of  a  thermometer 
AUched  to  the  barometer-frame,  so  aa  to  warm  and  cool 
iltmg  with  it. 

.  Or  thia  may  be  done  without  the  help  of  a  table,  and 
nUh  sufficient  accuracy,  from  tlie  circumalance  that  the 
^ptto^on  of  an  inch  of  mercury  for  one  degree  diminiehea 
■ety  nearly  ^la  part  id  each  suceeding  degree.  If,  ther&- 
lore,  we  take  from  the  expansion  at  3:^"  its  thousandth  part 
br  each  degree  of  any  range  above  it,  we  obtain  a  mean 
ate  of  expansion  for  that  range.  If  the  observed  temper- 
jtnre  trf"  the  mercury  is  below  32",  we  must  add  this  cor- 
lectioa  to  obtain  the  mean  expansion.  This  rule  will  be 
■ode  more  exact  if  we  suppose  the  expansion  at  33"  to 
|e  =  0,0001127.  Then  multiply  the  observed  mercurial 
tngfal  by  this  expansion,  and  we  obtain  Uie  correc 
pan,  to  be  subtracted  or  added  according  us  the  lemper- 
^ure  of  the  mercury  was  above  or  below  32°.  Thus  to 
lude  by  tlie  former  example  of  73".  This  exceeds  33°  by 
Qi  therefore^  take  40  from  0,0001127,  and  we  have 
^0001087  for  the  medium  expan^on  for  that  range.  Multi- 
lly  (hit)  by  40,  and  we  have  the  whole  expansion  of  one  incli 
f  mercury,  =:  0,004348.  Multiply  the  inches  of  mercu- 
|||1  height,  vix.  29,Z,  by  this  expansion,  and  we  have  for 
tie  correction  0,1S69I3 ;  which  being  subtracted  from  the 
bwrved  height  leaves  29,07301-,  differing  from  the  accu> 
■te  ({uantity  let^s  than  the  thousandth  part  of  an  inch. 
fhig  rule  is  very  eauly  kept  in  the  memory,  and  super- 
edeii  Uie  use  of  a  table. 

i.  This  correction  may  be  made  with  all  necessary  exact- 
tat  by  a  rule  still  more  simple;  namely,  by  multiplying 
^  observed  height  of  the  mt'icury  by  tlie  difference  of  its 
HBperaltire  from  3i^',  and  cutting  off  four  ciphers  lieforo 
be  decimals  of  the  mercurial  height     This  will  seldom  err 
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jIj,  of  on  inch.     We  even  believe  that  it  is  (haa 
metliod  within  the  range  of  temperatures  th>t  can  bto.  | 
peeted  to  occur  in  measuriDg  heights :  tor  it  aippeui,  bj  J 
comparing  manyexperiments  and  obs^vationa,  tbuG 
Roy's  measure  of  the  mercurial  expansion  is  too  fO^  u 
that  the  expansion  of  an  inch  of  mercury  bet«c«a3D'alil 
70  of  Fahrenheit's  thermometer  does  not  exc«<d  0,KOIO! 
per  degree.     Having  thus  corrected  the  obsertid  wt- 
curial  heights  by  reducing  them  to  what  tbcj  vxA 
been  if  the  mercury  had  been  of  the  standard  liinpr 
the  logarithms  of  the  corrected  heights  are  lakem,  oadAi 
difference,  multiplied  by  lOOOO,  will  g^vc  thed 
elevations  in  English  fathoms. 

There  is  another  way  of  applying  this  corredioa,  fli 
more  expeditious  and  equally  accurate.  The  i 
of  the  logarithms  of  the  mercurial  heights  is  the  tna 
the  ratio  of  those  heights.  In  like  manner  the  i 
of  the  logaiithms  of  the  observed  and  corrected  I: 
any  station  is  the  measure  of  the  ratio  of  those  b 
Therefore  this  last  difference  of  llie  logarithms  n  d 
sure  of  the  correction  of  this  ratio.  Now  the  c 
hnght  is  to  the  corrected  height  Dearly  as  I  to  lyOOOll 
The  logarithm  of  this  ratio,  or  the  difFereooe  of  ifel 
garithmsof  1  and1,00010S,  is  0,0000444.  Thisbtfaed 
recuOD  for  each  degree  that  t)ic  temperature  of  tbc  V 
cury  diifers  from  32.  Therefore  multiply  Ofi 
the  diflTercnce  of  the  mercurial  temperatures  C 
the  products  will  be  the  corrections  of  the  r 
rithms. 

But  there  is  still  an  ea»er  way  of  applying  i 
mic  correction.     If  both  the  mercurial  t 
the  same,  the  differences  of  tlieir  togarithmV 
same,  although  each  may  be  a  good  deal  abi 
the  standard  temperature,  if  the  expannon  be  V 
equable.     The  correction  will  be  necessary  only  • 
temperatures  nt  the  two  stations  arc  difTerent,  aod  vH  ■ 


J  to  this  difference.     Therefore,  if  the  difference 
of  the  mercurial  temperatures  be  multiplied  by  0,yoOO4-t^  ] 
the  product  will  be  the  corret:tiou  to  be  made  on  the  dilV  ] 
ference  o(  the  logsrithnis  of  the  mercurial  heights 

But  farther,  since  the  dit!L>rences  of  Uie  logarithms  of  1 
the  mercurial  heights  src  also  the  differences  of  elevation  iq  ' 
English  fathoms,  it  follows  that  the  correction  is  also  i  ] 
difference  of  elevation  in  English  fathoms,  or  that  the  ccw*  ] 
rectiun  for  one  degree  of  ^fference  of  mercurial  tempernf  n 
tuK  is  tSVo  of  a  fathom,  or  3S  inches  or  2  feet  8  incheK  f 

This  correction  of  JJ.8  for  every  degree  of  difference  of  J 
temperature  must  be  subtracted  froui  tiie  elevation  found  i 
by  the  general  rate,  when  the  mercury  at  the  upper  statioa 
18  colder  than  that  at  llie  lower.  Fur  when  this  is  the 
case,  the  mercurial  column  at  the  upper  station  will  ap^ 
pear  too  short,  the  pressure  of  the  atmosphere  too  smal^ 
md  therefore  tlie  elevation  in  the  atmosphere  will  appear 
greater  than  it  really  is. 

Therefore  the  rule  for  tlua  correction  will  be  to'  inuld* 
|dy  0,0000444  by  the  degrees  of  difference  between  the  I 
loerciirial  lemperaturcit  at  the  two  stations,  and  to  add  a 
subtract  the  product  from  the  elevation  found  by  the  gene*   j 
nl  rule,  according  as  tlie  mercury  at  the  upper  station  U  1 
hotter  or  colder  than  that  at  the  lower. 

If  the  experiments  of  General  Roy,  on  the  expansion  gf  I 
the  mercury  in  a  real  barometer,  be  thought  most  deserving  ' 
of  attention,  and  the  expansion  be  considered  as  variable* 
the  logarithmic  difference  corresponding  to  this  expanooB 
fiw  the  jnean  temperature  of  tlie  two  barometers  may  bo 
taken.  These  logarithmic  differences  are  contained  in  tab!* 
B,  which  is  carried  as  far  as  113°,  beyond  which  it  is  not 
probable  that  any  observations  will  he  made.  The  nu 
ber  for  each  temperature  is  the  difference  between  the  lo- 

rithms  of  30  inches  of  the  temperature  3^,  and  of  30r  J 
{■expanded  by  that  Iciuperalurc. 
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Tnnp. 

'i'Sh:' 

PL  In. 

IIP 
101 
&! 
8! 
78 
6S 
M 
« 
3C 

IJ 

a(ftooi*7 

2.T 

COOOOiSB 

.ue 

1.7 

O.IK)OOM4 

t.8 

aoooous 

.Ass 

S.9 

aoooo*6o 

!.9 

aooooies 

,468 

8.10 

aOOOMTd 

,♦75 

1.10 

aOO0(H81 

,49! 

fi.ll 

a0O(»489 

0.0000497 

.497 

3.0 

aooooio* 

,40* 

ao 

TauiC 

Mo. 

- 

Ai.. 

DO, 

191 
178 
158 
138 
118 
98 
78 
&t 
38 
18 

«0 
80 
80 
80 
10 
80 
10 
10 

» 

80 

81J.0 
194,4 
176.1 
147,4 
138.0 
118.0 
97.8 
7fi,8 
£3,0 
31.4 
11.4 

17,8 
L8.t 
18.8 
19,4 
10.0 
10,8 
fl,< 
K,« 
«,6 
10.0 

It  a  alu  necesiar;  to  attend  to  the  tempenture  of  thi 
ak  i  and  the  change  that  is  produced  by  beat  id  its  denntj 
is  of  much  greater  consequence  than  that  of  the  mercuij. 
The  relative  gravitj  of  the  two,  <hi  which  tbe  flubtaogeat 
of  the  logarithmic  curve  depends,  and  ansequently  the 
unit  of  our  scale  of  elevations  is  much  more  a&ctad  liy 
the  heat  of  the  air  than  by  the  beat  of  tbe  mercury. 

This  adjustment  is  of  incomparably  greater  difficult 
tban  the  former,  and  we  can  hardly  hope  to  make  it  per- 
fect We  shall  narrate  tbe  chief  expraiments  which  bare 
been  mode  on  the  expanuon  of  air,  and  deduce  from  tbem 
such  rules  as  appear  to  be  necessary  consequencea  of  thenit 
and  then  notice  the  dicumstances  which  leave  the  ntiCter 
still  imperfect 

General  Roy  compared  a  mercurial  and  an  mr  tbenno- 
meter,  each  of  whidi  was  graduated  arithmetically,  that  ia, 
the  units  of  the  scales  were  equal  bulks  of  mercury,  and 
equal  bulks  (perhaps  different  from  the  former)  of  air. 
He  found  their  progress  as  in  table  C. 

It  has  been  established  by  many  expeiiments  that  equal 
increments  of  heat  produce  equal  increments  in  the  bulk  of 
mercury.  The  differences  of  temperature  are  therefore  ex- 
pressed by  the  second  column,  and  may  be  considered  as 
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equals  and  tJie  numbers  of  Uie  third  coIut»n  must  be  al- 
lowed to  express  the  same  temperatures  with  those  of  the  ' 
first.  They  directly  express  the  btdks  of  the  air,  and  tlie 
numbers  of  the  fuurtli  column  express  tlie  dtflferences  of 
these  bulks.  These  arc  evidently  unequal,  and  show  that 
coDuann  air  expands  most  of  all  nben  of  the  temperature 
62  nearly. 

The  next  point  was  to  determine  what  was  the  actwU  in-  i 
crease  of  bulk  by  some  known  increase  of  heat.     For  this 
purpose  he  took  a  tube,  having  a  narrow  bore,  and  a  ball 
3t  one  end.     He  measured  with  great  care  the  capacity  of 
both  the  ball  and  the  tube,  and  divided  the  tube  into  efjuol 
spaces  which  bore  a  determined  proportion  to  the  capacity 
of  the  ball.     This  apparatus  was  set  in  a  long  cylinder 
filled  with  frigorific  nuxturca,  or  with  water,  which  could  be    , 
uniformly  heated  up  lo  the  Iwiling  temperature,  and  was    ' 
accompanied  by  a  nice  thermometer.     The  expansion  of  ' 
the  air  was  measured  by  means  of  a  column  oi  mercury,    ' 
which  rose  or  sunk  in  the  tube.     The  tube  being  of  a  small 
bore,  the  mercury  did  not  drop  out  of  it ;  and  the  bore 
being  chosen  as  ec^uable  as  possible,  this  column  remained  of '  I 
aa  uniform  length,  whatever  part  of  the  tube  it  chanced  to    ' 
occupy.     By  this  contrivance  he  was  able  to  examine  the 
expan^bilily  of  air  of  various  densities.     When  the  columo 
of  mercury  contained  only  a  single  drop  or  two,  the  air  waa 
nearly  of  the  density  of  the  external  air.     If  he  wished  tQ 
examine  the  expansion  of  air  twice  or  thrice  as  dense,  he 
used  a  column  of  90  or  60  inches  long:  and  to  examine 
the  expansion  of  air  that  ia  rarer  than  the  external  air,  be  ] 
placed  the  tube  with  the  ball   uppcmnwt,  the  open  end  j 
coming  tlirough  a  hole  in  the  bottom  of  the  vessel  cott-  ' 
tuning  the  mixtures  or  water.     By  this  position  the  co-  A 
lumn  of  mercury  was  hanging  in  the  tube,  supported  by  " 
the  pressure  of  the  atmosphere ;  and  the  clastieity  of  the  _ 
included  air  was  measured  by  llie  difference  between  the 
a  Htuprni^il  nfhiinii  Aud  the  <igmmftii  baroiuetei'i 
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The  fdbwing  table  contains  the  expansion  of  1000  parts 
of  air,  nearly  of  the  common  dennty,  by  heating  it  fipom 
0  to  212.  The  first  column  contains  the  height  of  the  ba- 
rometer; the  second  contains  this  height  augmented  by 
the  small  column  of  mercury  in  the  tube  of  the  manometer, 
and  therefore  expresses  the  density  of  the  air  examined ; 
the  third  contains  the  total  expansion  of  1000  parts;  and 
the  fourth  contains  the  expansion  for  1%  supposing  it  uni- 
form throughout 

Table  D. 


Barometer. 

Density  of 

Air 
examined. 

Expaneion 

of  1000  parts 
bySlffiT 

E^pamioii 
by  18. 

29,95 
30.07 
29,48 
29,90 
29,96 
29,90 
29,95 
30,07 
29,48 

Mean 

31,52 
30,77 
29,90 
30,73 
30,92 
30,55 
30,60 
30,60 
30,00 

30,62 

483,89 
482,10 
480,74 
485,86 
489,45 
476,04 
487,55 
482,80 
489,47 

2,2826 
2,2741 
2,2676 
8,2918 
2,3087 
2,2455 
2,2998 
2,2774 
2,3067 

484,21 

2,2840 

Hence  it  appears,  that  the  mean  expansion  of  1000  parts 
of  air,  of  the  density  30,62  by  one  degree  of  Fahrenhot^s 
thermometer,  is  2,384,  or  that  1000  becomes  1002,284. 

If  this  expansion  be  supposed  to  follow  the  same  rate 
that  was  observed  in  the  comparison  of  the  mercurial  and 
air  thermometer,  we  shall  find  that  the  expansion  of  a  thou- 
sand parts  of  air  for  one  degree  of  heat  at  the  different  in- 
termediate temperatures  will  be  as  in  table  E. 
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E>P«™™- 

«iS»" 

81! 
19S 
178 
ISi 
132 
11! 
9! 
82 
It 
6! 
52 
42 
32 

2a 

12 
0 

4B4,2I0 
4*4.011 
402.452 
359,SQ3 
315,193 
289,513 
222,006 
li)7,t9S 
1T2.6T1 
147,090 
121,053 
95.929 
11.719 
48.481 
2(i,038 

2.O099 
2.0090 
2.1475 
2.2155 
2,2BW 
2,3754 
2.4211 
2.5124 
2.5,581 
2,6037 
2,5124 
2.4211 
8,3297 
2,8383 
2,1698 

,™,. 

...,. 

Dl»r. 

exvnin 

218 
192 
172 
152 
132 
118 
92 
88 
72 
62 
52 
48 
32 
82 
12 
0 

13489 

13474 
13097 
18685 
12872 
11846 
11403 
I117T 
109*2 
lOTO* 
10*«l 
10286 
10000 
97B3 
9574 
9331 

375 
387 
392 
413 
426 
443 
226 
235 
239 
243 
235 
826 
817 
809 
843 

18,7 
19.S 
19,6 
20.6 
21,3 
22,1 
22.6 
23.5 
23,8 
24,3 
23,5 
82.6 
21,7 
20.9 
20,2 

If  we  would  have  a  mean  expansion  for  any  particular 
range,  as  between  12°  and  9S°,  which  is  the  most  likely  to 
comprehend  all  the  geodselical  observations,  we  need  only 
take  the  diiTerence  of  the  bulks  26,038  and  222,006  = 
195,968,  and  divide  thb  by  the  interval  of  temperature 
80°,  and  we  obtun  2,4496,  or  3,45,  for  the  mean  ezpan. 
■Mm  lor  1". 

It  would  perhaps  be  better  to  adapt  the  uhle  to  a  mass 
of  1000  parts  of  air  of  the  standard  temperature  32°;  for 
in  its  [ttesent  form  it  shows  the  expansibility  of  air  origi- 
nally  of  the  temperature  0.  This  will  be  done  with  suf- 
Scient  accuracy  by  saying  (for  212°)  1071,718 :  1484, 210 
ss  1000, :  13849,  and  so  of  the  rest.  Thus  we  shall  con- 
struct the  expannon  of  10,000  parts  of  ur  as  in  Table  F. 

This  will  ^ve  for  the  mean  expannon  of  1000  parts  of 
ur  between  lid"  and  92=  2,29. 

Although  it  cannot  happen  that  in  measuring  the  dif- 
feiencee  of  elevation  near  the  earth^s  sur&ce,  we  shall  have 
occanon  to  employ  air  greatly  exceeding  the  common  den- 
nty,  we  may  insert  the  experimenU  made  by  (general  Roy 
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on  such  airs.  They  are  expressed  in  Table  G,  where  co- 
luiDQ  first  contuns  the  densities  tneaaured  by  the  ischea  of 
mercury  that  they  will  support  when  of  the  tempeiatUR 
32** ;  column  second  is  the  expannon  of  1000  parts  of  auch 
sir  by  being  heated  from  0  to  21% ;  and  ccdumn  third  it 
the  mean  expansion  for  l**. 


Tablc  G. 


Tablb  H. 


D«-ty. 

•ssis- 

101.7 
Bg,3 
80,  fi 
A*,5 
■19,7 

4»3,J3 

412.09 
t39,8T 
«43,H 

8,190 
1,998 
1,944 

1.073 
t.09l 

7S.7 

434 

».W7 

Tonp. 

Buik. 

..^ 

^vf 

I9t 
17! 

132 
11! 
92 

n 

3* 

1I41,S04 
1134.429 

Ui2,isa 

1103,015 
I093.SS4 

10T9.63fi 
1064,699 
1043,786 
10t7.B45 
1000,000 

7,015 
1!.I64 
14,1«> 
14,161 
14,!ia 
14,937 
80.911 
IA.943 
17.844 

0.3*4 
0,613 
O.708 
0,708 
0.71 1 
0,747 
I.04i 
1,197 
0.69» 

Mmh  expaneiiMi, 

0,T8« 

We  have  much  more  frequent  occanon  to  operate  in  air 
that  is  rarer  than  the  ordinary  state  of  the  superfioal  at 
tnosphere.  General  Hoy  accordingly  made  many  experi* 
nients  on  such  airs.  He  found  in  general,  that  tbnr  ei- 
pansilxlity  by  heat  was  analogous  to  that  of  air  in  it*  on& 
nary  density,  being  greatest  about  the  temperature  60^. 
He  found,  too,  that  its  expansibility  by  heat  diminiihfd 
with  its  density,  but  be  could  not  determiDe  the  law  of 
gradation.  When  reduced  to  about  on&£nh  of  the  den- 
uty  of  common  air,  its  expanuon  was  as  follows : 

From  this  very  extensive  and  judicious  range  of  experi- 
menta,  it  is  evident  that  the  expannbility  of  air  by  heat  it 
greatest  when  the  air  is  about  its  ordinary  deimty,  and  that 
in  small  densities  it  is  greatly  diminished.  It  appears  also^ 
that  the  law  of  compresuon  is  altered ;  for  in  this  qiao- 
raen  of  the  rare  air  half  of  the  whole  t 
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ture99",  but  in  ^rnf  ordinary  density 
at  105".  This  being  the  case,  wc  sec  that  the  experiments 
of  Mr  Amontons,  narmted  in  the  Memoirs  of  the  Aeademy 
at  Paris  1702,  &c.  are  not  incoDsi:;tent  with  those  more 
perspicuous  experiments  of  Genera]  Boy.  Amontoiis  futintl^ 
that  whatever  was  the  density  of  the  air,  at  least  in  caset 
much  denser  than  ordinary  lur,  the  cliange  of  ISO"  of  tem- 
perature increased  its  elasticity  in  the  same  proportion  :  tor 
he  found,  that  the  column  of  mercury  which  it  supported, 
when  of  the  temperature  SO,  was  increased  one-third  at  the 
temperature  312.  Hence  he  hastily  concluded,  that  its 
expansibility  was  increased  in  the  same  proportion ;  but 
this  by  no  means  follows,  unless  wc  are  certain  that  in 
every  temperature  the  elasticity  is  proportional  to  the  deti* 
■ity.  This  is  a  point  which  still  remains  undecitled  ;  and 
it  merits  attention,  because,  if  true,  it  establishes  a  remarlE- 
able  law  concerning  the  action  of  heat,  which  would  seetn 
to  go  to  prove  that  the  elasticity  uf  tluids  is  the  property  of 
the  matter  of  fire,  which  it  superinduces  on  every  body 
with  which  it  combines  io  the  form  of  vapour. 

Aftw  this  account  of  the  expansion  of  air,  we  wo  thai 
tb«  beiglil  through  which  we  must  rise  in  order  to  product 
a  given  fall  of  the  mercury  in  the  barometer,  or  the  thicfci 
itess  of  the  stratum  of  air  equiponderant  with  a  tenth  of  on 
inch  of  mercury,  must  increase  with  the  expansion  of  airj  ' 

2,29 
and  that  if  ^rr- be  llie  expansion  for  one  degree,  we  mus^  ( 

oinlliply  the  excess  of  tlie  temperature  of  the  air  above 
33"  by  0,00323,  and  multiply  the  product  by  87,  in  orAat 
to  obtiun  the  thickness  of  the  stratum  where  the  barometev 
stands  at  HO  inches ;  nr  whatever  be  the  elevation  indicated 
by  the  difference  of  the  barometrical  heights,  upon  the* 
BUpposition  that  tlie  air  is  of  the  temperature  82°,  we  niiirt' 
multiply  this  by  0,U<)229  for  every  degree  that  the  air  i* 
wamiCT  or  colder  than  SS.  The  product  must  be  added  to- 
llw  dcTation  in  the  first  case,  nnd  subtracted  in  the  lattc: 
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Sir  Greoige  Shuckburgh  deduces  0,0084  from  his  exp^ 
riments  as  the  mean  expandoa  of  air  in  the  oidinaij  cases : 
and  this  is  protiably  nearer  the  truth ;  because  Genenl 
Boy's  experiments  were  made  on  air  which  was  fireer  finom 
damp  than  the  ordinary  air  in  the  fields ;  and  it  appears 
fiom  his  experiments,  that  a  very  minute  quanti^  of  danqo 
increases  its  expansibility  by  heat  in  a  prodigious  degree 

The  great  difficulty  is  how  to  apply  this  oorrectioQ ;  or 
rather,  how  to  determine  the  temperature  of  the  air  in  those 
extenave  and  deep  strata  in  which  the  elevations  are  me^ 
sured*  It  seldom  or  never  happens  that  the  stratum  is  of 
the  same  temperature  throughout  It  is  commonly  much 
colder  aloft ;  it  is  also  of  different  constituticNis.  Below  it 
is  warm,  loaded  with  vapour,  and  v^  expansiUe ;  above 
it  is  cold,  much  drier,  and  less  expansible,  both  by  its  dry- 
ness and  its  rarity.  The  currents  of  wind  are  often  dis- 
posed in  strata,  which  long  retain  their  places ;  and  as  they 
come  from  different  regions,  are  of  differ^it  temperatures 
and  different  constitutions.  We  cannot  therefore  deter- 
mine the  expansion  of  the  whole  stratum  with  precision, 
and  must  content  ourselves  with  an  approximation :  and 
the  best  approximation  that  we  can  make  is,  by  supposing 
the  whole  stratum  of  a  mean  temperature  between  those  of 
its  upper  and  lower  extremity,  and  employ  the  expanaon 
corresponding  to  that  mean  temperature. 

This,  however,  is  founded  on  a  gratuitous  supposition, 
that  the  whole  intermediate  stratum  expands  alike,  and 
that  the  expansion  is  equable  in  the  different  intermediate 
temperatures ;  but  neither  of  these  are  warranted  l>y  ex- 
periment Rare  air  expands  less  than  what  is  denser ;  and 
therefore  the  general  expansion  of  the  whole  stratum  reup 
ders  its  density  more  uniform.  Dr  Horsley  has  pointed 
out  some  curious  consequences  of  this  in  PhU.  Tram.  voL 
Ixiv.  There  is  a  particular  elevation  at  which  the  ge- 
neral expansion,  instead  of  diminishing  the  density  of  the 
air^  increases  it  by  the  superior  expansion  of  what  ia  below ; 
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and  ve  know  that  the  expansion  is  not  equable  in  the  in- 
termediate temperatures ;  but  we  cannot  Bnd  out  a  rule  j 
which  will  pve  us  a  mure  accurate  correction  than  by  t 
tog  the  expansion  for  the  mean  temperature. 

When  we  have  done  this,  we  have  carried  the  method  at  1 
measuring  heights  by  ttie  barometer  as  far  as  it  can  gog  I 
and  this  source  of  remaning  error  makes  it  needless  to  tt 
tend  to  some  other  very  minute  equations  which  thenj  .1 
points  out.  Such  is  the  iliminution  of  the  weight  of  th*  I 
mercury  by  the  change  of  distance  from  the  centre  of  iIm  1 
eortli.  This  accompanies  the  dimiuutjuii  of  the  weight  of  J 
tho  wr,  but  neither  so  as  to  compensate  it,  nor  to  go  along  T 
with  it  pari  passu. 

AAer  all,  there  are  found  cases  where  there  is  a  reguhv  I 
deviation  from  those  rules,  of  which  we  cannot  give  any.  I 
very  satisfactory  account.  Thus  it  ts  found,  that  in  tha  [ 
province  of  Quito  in  Peru,  which  is  at  a  great  elevatloii  J 
above  the  surface  of  the  ocean,  the  heights  obtained  by  thea^  I 
rules  fall  considerably  short  of  tlie  real  heights ;  mid  s^  J 
Spilzbergen  they  considerably  exceed  them.  It  appeal^  I 
tbftt  the  air  in  the  drcum{)olttr  regions  is  denser  than  ttiQ  f 
nr  of  the  temperate  climates  when  of  the  same  heat  n 
tuder  the  same  pressure ;  and  the  contrary  itcems  to  be  the  i 
case  with  the  air  in  the  torrid  zone.  It  would  seem  that  I 
the  spedfic  gravity  of  air  to  mercury  in  at  Spitzbergeq  J 
about  1  to  1022i.  and  in  Peru  about  1  to  UIOO.  This  J 
difFercnce  is  willi  great  proliability  ascribed  to  the  ] 
dryness  uf  the  circumpolor  air. 

This  source  of  error  will  always  renuun ;  and  it  ts  con)f  i 
fatned  with  another,  which  should  he  alicndeil  to  by  al}  j 
who  practise  this  method  of  meusuring  heights,  namely  ^  1 
difference  in  the  sfiecific  gravity  of  the  quicksilver.  Itjft  1 
thought  sufficiently  pure  fur  a  burunietcr  when  it  is  cleared^J 
oTall  calcinahle  matter,  so  as  not  to  drag  or  sully  the  tubi 
In  lluK  »tiitc  it  may  contiun  a  amsidcrable  |)urlion  uf  othc 
metab,  particularly  of  silver,  bismuth,  and  tin,  which  v 
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diminish  its  specific  gravity.  It  has  been  obtmned  bjr  revi- 
Ticatioh  from  cimiabar  of  the  specific  gamtj  14^8SBt 
and  it  is  thought  very  fine  if  13,66.  Sir  George  6h«ck^ 
burgh  found  the  quicksilvier,  which  agreed  predady  irith 
the  atmospherical  observations  on  which  the  mka  are 
founded,  to  have  the  specific  gravity  IS^ei.  It  ia  nldooi 
obtuned  so  heavy.  It  is  evident  that  these  variationt  will 
thange  the  whole  results ;  and  that  it  is  absolutely  neoesa 
aa^,  in  order  to  obtain  precisioDy  that  we  know  thedennty 
c^the  mercury  emfdoyed.  The  jnibtangent  of  the  atana* 
I^erical  logarithmic,  or  the  hdgfat  of  the  homogeneous  aU 
mosphere,  will  increase  in  the  same  proportion  with  the 
density  of  the  mercury ;  and  the  elevation  oorrespoodiif 
to  T^^  of  an  inch  of  barometric  height  wiU  change  in  the 
same  proportion. 

We  must  be  contented  irith  the  remaining  iaspeifiwu 
tions :  and  we  can  readily  see,  that,  fbrany  puipoae  that 
can  be  answered  by  such  measurements  of  great  he^t% 
the  method  is  sufficiently  exact ;  but  it  is  quite  inadeqoite 
to  the  purpose  of  taking  accurate  levels,  (or  directii^  the 
construction  of  canals,  aqueducts,  and  other  works  of  this 
kind,  where  extreme  precinon  is  absolutely  necessary. 

We  shall  now  deduce  from  all  that  has  been  said  oo  this 
subject  sets  of  easy  rules  for  the  practice  of  this  mode  of 
measurement,  illustrating  them  by  an  example. 

1.  M.  de  Luc's  Method. 

I.  Subtract  the  logarithm  of  the  bannnetrical  height  at 
the  upper  station  from  the  bgarithm  of  that  at  the  lower, 
and  count  the  index  and  four  first  dedmal  figures  of  the 
remainder  as  fathoms,  the  rest  as  a  decimal  fraction.  Call 
this  the  elevation, 

II.  Note  the  different  temperatures  of  the  mercury  at 
the  two  stations,  and  the  mean  temperature.  Multiply 
the  logarithmic  expansion  correqx>nding  to  this  mean 
tempentore  (in  Table  B»  p.  664.)  by  the  differeooe  of  the 
two  temperatures,  and  subtract  the  product  from  .the  ele- 
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TAtiaiiif  the  barometer  has  been  coldest  at  thejipper  station, 
otherwise  add  it.  Call-the  difference  or  the  sum  the  ap« 
ptrammaM  elevcUion, 

-III.  Note  the  difference  of  the  tonperatures  oi*  the  air 
at  the  two  stations  by  a  detached  thermometer,  and  also  the 
mean  temperature  and  its  difference  from  S9P.  Multiply 
this  difference  by  the  expansion  of  air  for  the  mean  tempe- 
mftmre,  and  multiply  the  approodmate  elevation  hj'lttz 
this  product,  according  as  the  air  is  above  or  bdow  32^^ 
The  product  is  the  correct  elevation  in  fathoms  and  deci- 
mals.. 

Example. 

Suppose  that  the  mercury  in  the  barometer  at  the  lower 
station  was  at  29,4  inches,  that  its  temperature  was  50^ 
aiid  the  temperature  of  the  air  was  45 ;  and  let  the  height 
of  the  mercury  at  the  upper  station  be  S5,19  inches,  its 
tanperature  46,  and  the  temperature  of  the  air  89.  Thus 
we'hAve 


WftftSiX  Hti.  .  Temp.  Merc. 

Mom. 

589,4               60 
.  ;e5,19             46 
I.  Log.  of  29,4. 
Log.  of  25.19 

«       - 

48 

1 

.    Elevation  in  fathoms 

.  II.  Expans.  for  48^ 
Multiply  by 

,473 
4 

»   ■»  '    ■  ■  ■  ■ 


Approximated  elevation 
III.  Expans.  of  air  at  42^  • 


B     1 


toL.  in. 


2JU 


Tonp.  Aib 

45 
89 


0,00288 
0»0«38 


Mean. 


42 


1.4083473 
1.4012282 

671,191 


1,892 


rr^ 


6(>9,299 
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Multiply  ^  *  •  66MM0 

By  ...  •  IfiOi 


Prodttct  ss  the  oomct  efeimtkm         .         B8MB 

2.    Sir  Gbobob  SbvckburqbU  Method. 

I.  Beduoe  the  barometrie  hdg^ts  to  what  they  would 
be  if  they  were  of  the  temperatuie  3Sfi. 

II.  The  difibence  of  t£e  logarithms  of  the  veduaed  hu 
rometrical  heights  will  give  the  approxiiiiate  deration. 

III.  Correct  the  approximated  elevation  as  befixe. 

Same  Example. 

I.  Mean  expansion  Sx  V  fiom  Table  A,  p.  fiSO»  is 

0,000111. 
18^x0,000111x29,4=         -  -  0^ 

Subtract  this  from  -  -  iM,4 

Reduced  barometric  hdght         -         -         29,S41 

Expans.  from  Table  A,  p.  659,  is  0,000111. 
14P  X  0,000111  X  26,19  .  -  0^089 

Subtract  from  -  ....  S5,190 

Reduced  barometric  hdght  -        -        26,151 

IL  Log.  89,841  -  .  .        a4674740 

Log.  25,151  .  -  .         1.4005553 


Approximated  elevation  -  669,196 

III.  This  multiplied  by  1,0238,  gives         .  685,125 

Remark  1.  If  0,000101  be  supposed  the  meanexpanaan 
of  mercury  for  1^,  as  Sir  George  Shuckburgh  determines 
it,  the  reduction  of  the  barometric  heights  will  be  had  suf- 
ficiently exact  by  multiplying  the  observed  heights  erf*  the 
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niercury  by  the  difieroicc  of  its  temperatures  firaoi  32,  and 
cutting  off  four  more  decimal  places ;  thus  S9,4  t^jr 

14 

pre*  for  the  reduced  bright  29,347,  and  25,19  X  h^qqq 

givn  S5,155,  and  the  difference  of  tlicir  logarithms  pves 
669,4  latfaoiDB  for  the  approxiumtcd  elevation,  which  diC> 
fers  &om  the  one  given  &bovG  by  no  more  than  15  inches.     , 

Remarh  2.  If  0,0024  be  taken  for  the  expan^on  of  air 
for  one  degree,  the  correction  for  this  expon^on  will  be  had 
by  multiplying  the  approximated  elevation  by  12,  and  this 
pRidua  by  the  sum  of  the  dilTereocee  of  the  temperatures 
txaok  82",  counting  that  difference  as  negatiye  when  the 
tomperatUK  is  below  32,  and  cutting  off  four  places ;  tbua 


069,196  X  12  X  13  +  07  X  = 


-  =  16,061,  which  add- 


lOOOU 

ed  to  669,196  gives  685,257,  differing  from  the  former 
only  9  inches. 

From  the  same  premises  we  may  derive  a  rule,  which  is 
abundantly  exact  for  all  geodsetical  purposes,  and  which 
requires  no  tables  of  any  kind,  and  is  eatuly  remembered. 

1.  The  height  through  which  we  must  rise  in  order  to 
produce  any  fall  of  the  mercury  \a  the  barometer,  is  In* 
veraely  proportional  to  the  density  of  the  air,  tliat  is,  to  the 
beight  of  the  mercury  in  the  barometer. 

8.  When  the  barometer  stands  at  30  inches,  and  the  air 
and  quicksilver  are  of  the  temperature  32,  we  must  rise 
through  87  feet,  in  order  to  produce  a  depression  of  j'j  o(  j 
ao  io^. 

&  But  if  the  air  be  of  a  different  temperature,  this  S7 .  fl 
fei!!  must  i>e  increased  or  diminished  by  0,!^1  of  a  foot  for 
every  dt^^ree  of  diHercnce  of  the  temjieruturc  from  !32". 

4.  Every  degree  of  difl'urcnce  of  tlie  temperatures  of  the 
nercury  at  the  two  stations  makes  a  change  uf  2,833  fectt 
or  8  le«t  lU  inches  in  the  elevation. 
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Hence  the  fioUowing  rule: 

1.  Takethediffin-eiioeof  thebaniiiieliklic^liUkteM^ 
of  an  inch.     Call  this  dL 

2.  Multqily  the  difference  a  between  32,  and  die  ■« 
temperature  of  the  air  by  21,  and  take  the  nmordfe 
cnce  of  this  product  and  87  ftet.  TUa  k  die  ha^ 
through  which  we  muft  riae  to  canae  the  fanraoHlff  lifil 
from  30  indies  to  29,9.    Call  this  hei^t  A. 

Let  01  be  the  mean  between  the  two  linrainetiicke|^ 

Then is  the  iqiproxiniated  deration  vexy  nesly. 


Multiply  the  difference  ^  of  the  mercuxial 
by  2,S3  feet,  and  add  this  product  to  the  sfmiiiiMid 
elevation  if  the  upper  barometer  haa  been  the  anait 
otherwise  subtract  it.  The  result,  that  is^  the  sob  «ri( 
ferenoe,  will  be  the  oonected  deration. 

Same  EjDomplc. 

^  =  294  —  251,9  =  42,1 
A  =  S7  +  10  X  0,2U  =  99A 

29.4  +  25.19        ^.  ^ 
n  = — — _ =  27,29 

Ar«- «^     L- .            30x42,1x89,1  ,,^«.  ^ 

Approx.  ekretiDD  = ^-- ^,  =  4\Sifi\  fe. 

Corr.  for  temp,  of  mefxrury,  =  4  x  2,SS  11.32 

Corrected  elevatioD  in  feet  -  -  41i]je 

Ditto  in  fathoms  -  .  .  6SjL5i 

Differing  from  the  former  oolv  15  inches. 

This  rule  mav  be  expressed  by  the  foUowii^  sspk 
eaalj-remembered  formuJa,  where  a  b  die  cfifeawfc 
tween  3?^  and  the  mean  temperature  of  the  air.  i/isthedit 
ference  of  barometric  heights  in  tenths  of  au  iiKknistk 
mean  barometric  height,  •  die  difeencc  befwa  drnff.  f  ^ 
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Ginrial  temperatures,  and  £  is  the  correct  elevation.    £ 
30^  =^  0,81 «)  d  _  ,  ^  ^g3_ 


m 


We  shall  now  conclude  this  subject  by  an  account  of 
>aome  of  the  most  remarkable  mountains,  &c.  on  the  earth, 
above  the  surface  of  the  ocean,  in  feet. 


Peet. 

Motrnt  Puj  de  Domme  in 
Auvergne,  the  first  moun- 
ttiQ  measured  by  the  ba- 
rometer     5197 

J^ount  Blanc  .  .  ^  .  15646 
Honte  Rosa  .  .  {  .  15084 
Jiguille  d'Argentare  Mips  13409 
Monastery  of  St  Ber-j 

nard  ....  J  .  7944 
Ifonnt  Cenis  ....  9213 
Pic  de  los  Reyes)  .  .  .  7690 
Pic  du  Medi  V  p^^  WOO 
Pic  d'Ossano      r'^'^^       1 1  ^qq 

Canegou    .    .  J  .    .    .  8544 

Lake  of  Geneva     .     .    .  1939 

Mount  ^tna    ....  10963 

Mount  Vesuvius    •    .    .  3938 

Mount  Hecla  in  Iceland  4300 

Snowdown 3571 


Fatt 

Ben  More S870 

Ben  Lawcrs      ....  4015 

BenGloe 3479 

Shihallion 3981 

Ben  Lomond     ....  3940 

Ben-nevis 4380 

Caim-gorm       ....  4080 

Tinto 1790 

Table  Hill,  Cape  of  Good 

Hope 3454 

Gondar  City  in  Abyssinia  8440 

Source  of  the  Nile     .     .  8089 

Pic  of  Teneriffe     .    .     .  14096 

Chiroboracon    ....  91440 

Cayambourow       .     .    .  19391 

Antisana 19150 

Pichinha 15670 

City  of  Quito    ....  9977 
Caspian  Sea  below  the  Ocean    306 


This  last  is  so  singular,  that  it  is  necessary  to  give  the  au- 
thority on  which  this  determination  is  foundecL     It  is  de- 
duced from  nine  years^  observations  with  the  barometer  at 
.  Astralcan  by  Mr  Lecre,  compared  with  a  series  of  observa^ 
tions  made  with  the  same  barometer  at  St  Petersburgh. 

This  employment  of  the  barometer  has  caused  it  to  be- 
come a  very  interesting  instrument  to  the  philosopher  and 
to  the  traveller;  and  many  attempts  have  been  made  of 
late  to  im|H*ove  it,  and  render  it  more  portable.  The  im- 
provements have  either  been  directed  to  the  enlargement 
of  its  range,  or  to  the  more  accurate  measurement  of  its 
present  scale.    Of  the  first  kind  are  Hookers  wheel  baro- 


678  PMSUMATICS. 

meter,  the  diagonal  barometer,  and  the  horissontal  barame- 
ter>  described  in  a  former  volume  of  this  work.  In  that 
place  are  also  described  two  very  ingenious  contrivanoeB  of 
Mr  Rownings,  which  are  evidendy  not  portable  -  Of  all 
the  barometers  with  an  enlarged  acale^  the  beat  is  that  in- 
vented by  Dr  Hooke  in  1668,  *and  described  in  the  PUL 
Trans.  No  185.  The  invention  was  also  claimed  by 
Huyghens  and  by  De  la  Hire ;  but  Hooke's  was  published 
long  before. 

It  consists  of  a  compound  tube  ABCDEF6  (Fig.  73.), 
of  which  the  parts  AB  and  DE  are  equally  wide,  and  EFG 
as  much  narrower  as  we  would  amplify  the  scale..  The 
parts  AB  and  EG  must  also  be  as  perfectly  cylindrical  as 
pos^ble.  The  part  HBCDI  is  filled  with  mercury,  having 
a  vacuum  above  in  AB.  IF  is  filled  with  a  light  fluid, 
and  F6  with  another  light  fluid  which  will  not  mix  with 
that  in  IF.  The  dstem  G  is  of  the  same  diameter  as  AB. 
It  is  easy  to  see  that  the  range  of  the  separating  surfiioe  at 
F  must  be  as  much  greater  than  that  of  the  surface  I  as 
the  area  of  I  is  greater  than  that  of  F.  And  this  ratio  is 
in  our  choice.  This  barometer  is  free  from  all  the  bad 
qualities  of  those  formerly  described,  being  most  ddicately 
moveable;  and  is  by  far  the  fittest  for  a  chamber,  for 
amusement,  by  observations  on  the  changes  of  the  atmos- 
pheric pressure.  The  slightest  breeze  causes  it  to  rise  and 
fall,  and  it  is  continually  in  motion. 

But  this,  and  all  other  contrivances  of  the  kind,  are  in- 
ferior to  the  common  barometer  for  measurement  of  heists, 
on  account  of  their  bulk  and  cumbersomeness ;  nay,  thejr 
are  inferior  for  all  philosophical  purposes  in  point  of  accu- 
racy ;  and  this  for  a  reason  that  admits  of  no  reply.  Their 
scale  must  be  determined  in  all  its  parts  by  the  common 
barometer;  and  therefore,  notwithstanding  their  great  range, 
they  are  susceptible  of  no  greater  accuracy  than  that  with 
which  the  scale  of  a  common  barometer  can  be  observed 
and  measured.    This  will  be  evident  to  any  person  who 
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will  take  the  trouble  of  cotuidering  bow  Uie  points  of  their 
Male  must  be  ascertained.     The  most  accurate  method  fiirl 
gndaatiitg  such  a  baroineter  as  we  have  now  described  ■ 
would  be  to  make  a  mixture  of  vitriolic  acid  and  water, 
which  should  have  ^'^  of  the  den^ty  of  mercury.     Then, 
let «  loug  tube  stand  vertical  in  tliis  fluid,  and  ciKiiicct  its 
tipper  end  witli  the  open  end  of  the  barometer  by  a  pipe 
which  has  a  Inancb  to  which  we  can  apply  the  mouth. 
Then  if  we  stick  through  this  pipe,  the  fluid  will  rise  both 
in  the  barometer  and  in  the  other  tube ;  and  10  inches  rlw'i 
in  ibb  tube  will  correspond  to  one  incli  descent  in  the  coBfe  1 
moo  barometer.     In  tills  mttnner  may  every  point  of  thp  J 
Male  be  adjusted  in  due  proportion  to  the  rest.     But  ll  I 
ftill  remains  to  determine  whet  particular  point  of  the  seal*  1 
oorresponda  to  some  determined  inch  of  the  common  b*.  1 
nmieter.     This  con  only  be  done  by  an  actual  comparisons  | 
Widthisbeingdone, thewholebecumesequallyaccurate.  Exi>  I 
cept  therefore  for  the  mere  purpose  of  chamber  amuscmentt  | 
in  whkh  case  the  barometer  laM.  described  bus  a  decided  pr*>  I 
ference,  the  common  barometer  is  to  be  preferred  ;  and  our  1 
attention  Kliould  be  entirely  directed  to  its  improvement  and  I 
portabiliiy.  .  I 

For  this  purpose  it  should  be  furnished  with  two  jt&t  ] 
CRMCopes,  or  magnifying  glasses,  one  of  them  stationed  tt  1 
the  beginniug  of  the  scale  ;  which  should  either  be  mov&  I 
able,  to  that  it  may  always  be  brought  to  the  surface  of  the  I 
mercury  in  (he  dstern,  or  the  cistern  should  be  so  ooBk  I 
trived  that  its  siu-face  may  always  be  brought  to  tlie  bfr  1 
fpnning  of  the  scale.  The  glass  will  enable  us  to  see  the  I 
coinodeooe  with  accuracy.  The  other  microscope  must  b*  I 
■ovtable,  so  as  to  be  set  oppo«te  to  the  surface  of  the  metb  I 
eury  in  the  tube ;  and  the  scale  should  be  furnished  with  A  J 
Temter  which  divides  un  inch  into  1000  parts,  and  be  mad*  1 
of  materials  of  wiiich  we  know  the  eiipansiun  with  great  I 
preouon.  I 

Fm-  an  account  of  many  ingenious  contrivances  to  tuall*  I 
the  instrument  accurate,  ]x>rtable,  and  comuiodioun,  oonsull    ' 
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Magellan,  jDMwerf.  de  diverges  InHr.  de  Phjfs.; 
Trans.  IxviL  Ixyiii. ;  Joum.de  Phgi.  xix.  10ft  84&  %n, 
392.  xviii.  391.  uu  436.  xxiL  S90. ;  Sulzer,  Act  HOpO. 
iii.  259. ;  De  Luc,  BechercJtes  sur  les-  Modi^aiiians  de 
t Atmosphere  J  i.  401.  ii.  469,  490.  De  iLuc^s  seems  the 
niost  simple  and. perfect  of  them  all.  Cardinai  deXuynet 
(Mem,  Par.  1768);  De  Luc,  Recherches^  $  63.;  Van 
Swinden's  Posiiumes  Physicce ;  Com.  Acad,  Pdrop.  i. ; 
Com.  Acad,  Petrop,  Nov.  ii.  200.  viii. 

Thus  we  have  given  an  elementary  account  oF'thedis. 
tinguishing  properties  of  air  as  a  heavy  and  compressible 
fluid,  and  of  the  general  phenomena  whidi  are.  immediate 
consequences:  of  these  properties.  This  we  have  done  in  a 
set  of  propositions  analogous  to  those  which  form  the  doc- 
trines of  hydrostatics.  It  remains  to  consider  it  in  another 
point  of  view,  namely,  as  moveable  and  inert.  The  phe- 
nomena consequent  on  these  prop^ties  are  exhibited  in  the 
velocities  which  air  acquires  by  pressure,  in  the  resistanoe 
which  bodies  meet  with  to  thar  motion  throu^  the  air,apd 
in  the  impression  which  air  in  motion  gives  to  bodies  ex- 
posed to  its  action. 

We  shall  first  consider  the  motions  of  which  air  is  sus- 
ceptible when  the  equilibrium  of  pressure  (whether  arinng 

■ 

from  its  weight  or  its  elastidty)  is  removed ;  and,  in  the 
next  place,,  we  shall  consider  its  action  on  solid  bodies  eXf 
posed  to  its  current,  and  the  resistance  which  it  makes  to 
their  motion  through  it 

In  this  consideration  we  shall  avoid  the  extreme  of  ge-  ' 
nerality,  which  renders  the  discussion  too  abstract  and  dif- 
ficult, and  adapt  our  investigation  to  the  circumatanoes  in 
which  compressible  fluids  (of  which  air  is  taken  for  the  n^ 
presentative)  are  most  commonly  found.  We  shall  oooa- 
der  air  therefore  as  it  is  commonly  found  in  accessible  si* 
tuations,  as  acted  on  by  equal  and  parallel  gravity ;  and  wc 
shall  consider  it  in  the  same  order  in  which  water  is  treated 
in  a  system  of  hydraulics. 
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problem  is  to  d«tcnnine  with 
what  veiocily  the  water  will  move  through  ft  given  orifice 
when  impelled  by  some  known  pressure;  and  it  has  been 
found,  that  the  best  form  in  which  this  moat  difficult  and 
intricate  proposition  can  be  put,  is  to  determine  llie  velocity 
of  water  flowing  through  this  orifice  when  impelled  by  its 
weight  aionc.  Having  determined  this,  we  can  reduce  to 
Uiis  case  every  rjuestioii  which  can  be  proposed ;  for,  in 
place  of  the  pnasure  of  any  piston  or  other  mover,  we  can 
xlvsys  aubstJIute  n  perpendicular  column  of  water  or  air 
whose  weight  shall  be  otjual  to  the  given  pressure. 

The  first  problem,  therefore,  is  to  determine  with  what 
rejodty  air  will  rush  into  a  void  when  inipeUed  by  its  weight 
^CHK.  This  is  evidently  analogous  to  the  hydraulic  prob* 
l*m  of  wntiT  flowing  out  of  it  vessel. 

'And  here  we  must  be  contenied  witJi  referring  uur  read4 
en  to  the-  sohiUons  which  have  been  given  of  that  problem, 
and  the  demonatratiou  that  it  flows  mih  the  veliKiiiy  which 
a  heavy  body  would  acquire  by  falling  from  a  height  equal 
to. the  depth  of  the  hole  under  th«  surface  of  the  water  in 
(he  vessel.  In  wliatever  way  wc  attempt  to  dcmonsU'at^ 
ibat  pro]>oMtion,  e^ery  step,  nay,  every  word,  of  the  det 
monstration  apphes  equally  (u  the  air,  or  to  any  fluid  what- 
ever. Or,  if  our  readers  should  wish  Lo  &ee  the  citnnexion 
OT  analogy  of  the  cases,  we  <mly  desire  them  to  recollect  aa 
UJldoubted  tunxim  in  the  science  of  motion,  tliat  when  tht 
vtaving  fiircf  and  iftr  matter  to  he  moved  vary  in  the  sanu 
ftroporiion,  l}u  vdodtif  vi'iU  be  the  savie.  If  therefore  therq 
be  similar  vessels  of  air,  water,  oil,  or  any  otlier  fluid,  iit( 
of  tlic  height  of  a  homogeneous  atmosphere,  they  will  all 
run  through  equal  and  similar  holes  with  the  tame  velodty  £ 
for  in  whatever  proportion  the  quantity  of  maner  moving 
through  the  hole  Iw  varied  by  a  variation  of  density,  the 
pressure  which  forces  it  out,  by  acting  in  circumstances 
poftKtly  nirailar,  varies  in  the  same  proportion  by  the  same 
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We  mufi  therefore  afluime  it  as  the  leading  proportion, 
XiaX  air  ruihea  Jfxm^  ihe  aimoiphere  kUo  a  vaidfpUh^ 
veheiijf  which  a  hea/oy  hady  vnM  acquire  b^JbBmgJhm 
the  top  iifa  homogemoue  atmosphere. 

It  is  known  that  m  is  about  810  times  lighter  tluui  wa- 
ter, lUid  that  the  pressure  of  the  atmoephere  eupporfs  wa* 
ter  at  the  height  of  83  fieet  nearly.  The  height  thcsefiire 
of  a  homogeneous  atmosphane  is  nearly  88  x  840,  or  S77 flO 
feet  Moreover,  to  know  the  velocity  acquired  by  any  fidlf 
recollect  that  a  heary  body  by  falling  one  foot  acquires  the 
Tekx^ty  of  8  feet  per  second;  and  that  the  yetodties  ac- 
quired by  falling  through  different  hdghts  are  as  the  squaxe 
rdots  of  the  hoghts*  Therefiare,  to  find  the  vekici^  eop- 
responding  to  any  height,  expressed  in  fiaet  per  aeoond,  mul- 
tiply the  square  root  of  the  height  by  8«    We  hate  thsnai 

ibre  in  the  present  instance  Vt=8  VS7^s8  x  106,488, 


13S2  feet  per  second.  This  therefoie  is  the  Tekaly 
with  which  common  tur  will  rush  into  a  ycid\  and  this  msy 
be  taken  as  a  standard  number  in  pneumatics^  as  16  and 
88  are  standard  numbers  in  the  general  science  of  me^ 
chanics,  expressing  the  action  of  gravity  at  the  surfiwe  of 
the  earth. 

It  is  easy  to  see  that  greater  predsion  is  not  neessssiy  in 
this  matter.  The  height  of  a  homogeneous  atmos^ieDB  b 
a  variable  thing,  depending  on  the  temperatone  of  tbe  air. 
If  this  reason  seems  any  objection  against  tiie  use  of  the 
number  1389,  ve  may  retain  8  ^  H  in  plaoe  of  it,  wfane 
H  expresses  the  height  of  a  homogeneous  ateioaplMiW  of 
the  given  temperature.  A  variation  of  die  batometar 
makes  no  change  in  the  vebcity,  nor  in  the  belgbl  of  the 
homogeneous  atmosphere,  because  it  is  accompanied  by  a 
proportional  variation  in  the  density  o£  the  air.  When  il 
is  increased  i^^,  for  instance,  the  density  is  also  increased 
jfi ;  and  thus  the  expelling  force  and  the  matter  to  be 
moved  are  changed  in  the  same  proportion,  and  the  vdo« 
city  remiuns  the  same.     N.  B.  We  do  not  here  considtr  tbe 

5 


ity  which  tbe  air  acquires  ftl\er  its  isiting  into  the 
void  hy  its  continunl  expanaimi.  This  may  be  asccrtiuoed  \ 
by  the  39th  proposition  of  Newton's  PritU:ipia,  h.  i.  Nay,  | 
which  appears  very  paradoxic^,  if  a  cylinder  of  air,  conirr  I 
municating  in  this  manner  with  a  void,  be  compressed  by  > 
a  pielon  loaded  with  a  weight,  which  presses  it  down  as  ihv,  ^ 
air  flows  out,  and  thus  keeps  it  of  the  same  density,  the 
velocity  of  efflux  will  still  be  the  same,  however  great  ttu^  ] 
pres&ure  may  chance  to  be ;  for  the  first  and  immediate  I 
effect  of  the  load  on  the  piston  is  to  reduce  the  air  iu  the  ] 
<7tinder  to  such  a  density  that  its  elasticity  shall  exactly  i 
bslsnce  the  load ;  and  because  the  elasticity  of  air  is  pro>  I 
portionol  to  its  density,  tlic  density  of  the  mr  will  be  i 
creased  in  tbe  same  proportion  with  tlie  load,  that  Is,  with  ' 
the  expelling  power  (for  we  ai-e  neglec^ng  at  present  the*  ] 
wtnglit  of  the  included  air  as  too  inconsiderable  to  have  any 
oenuble  effect.)  Tlicrefore,  since  the  matter  to  be  moved  1 
is  increased  in  the  same  proportion  with  the  pressure,  ^m  I 
velflcity  will  be  tlie  same  as  before. 

It  is  equally  easy  to  determine  the  velocity  with  whidf)  \ 
tlie  air  of  the  atmosphere  will  rush  into  a  space  contiuniDB!  1 
rarer  air.    Whatever  may  be  the  density  of  tliis  mr,  its  elas- 
titaty,  which  follows  the  proportion  of  its  den^ty,  will  lw>^ 
Unce  a  propurtiooBl  part  of  the  pressure  of  the  atmospher 
and  it  is  the  excA  of  this  last  only  which  is  the  moving  * 
fun^     The  matter  to  be  moved  is  tlie  same  as  before.    Let   i 
1)  be  the  natural  density  of  the  air,  and  )  the  density  of  the  j 
air  contained  in  the  vessel  into  which  it  is  supposed  to  run, 
and  let  P  be  the  pressure  of  the  atmosphere,  and  therefore 
Ci^al  to  the  force  which  impeb  it  into  a  void ;  and  let  •■  be 
the  force  with  which  tliis  rarer  air  would  run  into  a  vtod^^ 

We  have  D :  >  =  P :  *-,  and  *  =  jT-      Nuw  the  Btoril^  I 

Pi  , 
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]et  V  be  the  velocity  of  air  rushing  into  a  void,  mi^tkt 
▼elodf  J  with  which  it  will  rush  into  this  rarefied  v. 

It  is  a  theorem  in  the  motion  of  fliuds,  that  tfaefnma 
are  as  the  squares  of  the  velodties  of  efflux.    TWr&r 

P:P  — ^  =  V«:t;«.     Hence  we  derive  ii*=V«xl-jy 


and  p==  Vx^l 


V;       ^ 


We  do  not  here  consider  the  n. 


D 

sistanoe  which  the  ^r  of  the  atmoaphere  will  meet  withfni 
the  inertia  of  that  in  the  vessel  which  it  must  displace  iab 
motion. 

Here  we  see  that  there  will  always  be  a  current  into  die 
vessel  while  )  is  less  than  D. 

We  also  learn  the  gradual  diminution  of  the  velodtjii 
the  vessel  fills ;  for  ^  continually  increases,  and  ibatkt 

1  ^  "ng-  Qontinually  diminishes. 

It  remains  to  determine  the  dmc  t  expressed  m  seoiMli, 
in  which  the  air  of  the  atmosphere  will  flow  into  this  rtmA 
fn>m  its  state  of  vacuity  till  the  air  in  the  vessel  has  ac- 
quired any  proposed  density  ^. 

For  this  purjx)se  let  H,  expressed  in  feet,  be  the  he^t 
thniugh  which  a  heavy  body  must  fall  in  order  to  acquire 
the  velocity  V.  expressed  also  in  feet  ^t  second.  This 
we  shall  express  more  briefly  in  future,  T>y  calling  it  the 
height  producing  the  velocity  V.  Let  C  represent  the  ca- 
pacity of  the  vessel,  expressed  in  cubic  feet,  and  0  the 
area  or  section  of  the  orifice,  expressed  in  superficial  or 
square  feet ;   and  let  the  natural  density  of  the  air  be  D. 

Since  the  quantity  of  aerial  matter  contained  in  a  vesel 
depends  on  the  capacity  of  the  vessel  and  the  density  of  the 
wr  jointly,  we  may  express  the  lur  which  would  fill  this 

vessel  bv  the  svml)ol  CD  when  the  air  is  in  its  ordiuarv 

•  •  • 

state,  and  bv  C^  when  it  has  the   densitv  \     In  order  to 
obtain  the  rate  at  which  it  fills,   we  must  take  the  fluxion 
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of  this  quantity  C }.     ThisisC^;  for  C  is  a  constant  quan- 
tity,  and  )  is  a  Toriable  or  flowing  quantity. 

But  we  also  obtain  the  rate  of  influx  by  our  knowledge 
of  the  velocity,  and  the  area  of  the  orifice,  and  the  density. 
The  velocity  is  V»  or  8  ^  H,  at  the  first  instant,  and  when 
the  air  in  the  vessel  has  acquired  the  density  ^,  that  is,  at 

the  end  of  the  time  t^  the  velocity  is  8  V  H  ^1— -=r ,  or 


The  rate  of  influx  therefore  (which  may  be  conceived  as 
measured  by  the  little  mass  of  air  which  will  enter  during  the 

tune  i  with  this  velocity)  will  be  yjz »   or 

v-^ 

S^HO^DVD  — ^i,  multiplymg  the  velocity  by  the 
orifice  and  by  the  den^ty. 

Here  then  we  have  two  values  of  the  rate  of  influx. 
By  stating  them  as  equal  we  have  a  fluxionary  equation, 
fiom  which  we  may  obtain  the  fluents,  that  is,  the 
time  t  in  seconds  necessary  for  bringing  the  air  in  the 
vessel  to  the  density  ),  or  the  density  )  which  will  be 
produced  at  the  end  of  any  time  t  We  have  the  equa- 
tion  SVHOvD^D — ti  =  C>.      Hence    we  derive  i 

X  v'D — ^  +  A,  in  which  A  is  a  conditional 


4v'H0vD 

constant  quantity.     The  condition  which  determines  it  is, 
that  t  must  be  nothing  when  %  is  nothing,  that  is,  when 

VT>— J=^D ;  for  this  is  evidently  the  case  at  the  b^in- 
ning  of  the  motion.     Hence  it  follows,  that  the  constant 

quantity  is  ^D^  and  the  complete  iSuent,  suited  to  the 
case,  b  'i.'  .»•/»    ; 

C  — = — ==^      • 
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Tkt  motkm  ceases  when  the  air  in  Ibe  tbms)  has  id. 

quired  the  deni^  of  the  external  air  (  Uirt  is^  wImb  t » 

C  C 

D,  or  when  <  =  ^j^q^^  X   VD,  =  ^j^^gQ- 

Therefim  the  tame  of  oompletely  fiOM^  the  tomI  k 
C 

VHO' 

Let  us  illuBtrate  this  by  an  example  in  numbera. 

Supposbg  then  that  air  ii  840  times  fig^iter  than  water, 
and  the  height  of  the  hcnnogtnaoiis  atmoipheBa  877S0 
feet,  we  have  4^H=666.  Let  us  further  suppose  die 
vessel  to  contain  8  cubic  feet,  which  b  nearly  a  wine  hogs- 
head, and  that  the  hole  by  which  the  idr  of  ibe  or£naiy 
dennty,  which  we  shall  make  s=  1,  enters  is  an  inch  squaft^ 
or  ji,  of  a  square  foot   Then  the  time  in  aeconds.of  con^ 

pletely  filling  it  will  be    .  ^^  or  -ggg-,    or    1,7297^. 

If  Am  hole  is  only  ij^  of  a  square  m^fa^  tkal  i%  if  its 
nde  is  ^  of  an  inch,  the  time  of  completely  fiUiiig  the 
hogshead  will  be  nS"  very  neariy,  or  aomeChiag  less  than 
three  minutes. 

If  we  make  the  experiment  with  a  hole  out  in  a  thin 
plate,  we  shall  find  the  time  greater  nearly  in  the  propor* 
tioB  of  63  to  100,  for  reasons  obvious  to  all  who  have 
studied  hydraulics.  In  like  manner  we  can  tell  the  time 
necessary  for  bringing  the  ur  in  the  vessel  to  }  of  its  or£- 
nary  density.     The  only  variable  part  of  our  fluait  is  the 

co-efiident  — ^D — >,  or  ^1 — h    Let  )  be  =  |,   then 

VTir>=:^}==i,andl— -/ll^s  i;  andthetimeis86i» 
very  nearly  when  the  hole  is  ^^  of  an  inch  wide. 

Let  us  now  suppose  that  the  air  in  the  vessel  ABCD 
(Fig.  81.)  is  compressed  by  a  weight  acting  on  the  cover 
AD,  which  is  moveable  down  the  vessel,  and  is  thus  ex* 
pelled  into  the  external  air. 

The  immediate  effect  of  this  external  pressure  b  to  com- 
press the  air  and  give  it  another  density.    The  density  P 
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of  the  extern^  ur  corresponds  to  its  pressure  P.  Let  Uu 
additjonal  prcBsare  on  the  cover  of  the  vessel  be  p,  and  tba 
denuty  of  the  air  in  the  vessel  be  d.     We  shall  have  F :  P   , 

+  p  =  D:d;  and  lhereforep  =  Px-^.     Then,   be 

cause  the  pressure  which  expels  the  air  is  the  difference  be> 

tween  tlie  force  which  compresses  tlie  air  in  the  vessel  and 

the  force  which  compresses  the  external  air,  the  espdlin|^ 

force  is  p.     And  because  the  quantities  of  motion  are  as 

the  forces  which  similarly  produce  them,  we  shall  have   ^ 

d—D 
P  :  P X     -.     =  MV  ■.mv;  vriiere  M  and  m  express  the 

quantities  of  matter  expelled,  V  expresses  the  velocity  witb 
wbkh  au*  rushes  into  a  void,  and  v  expresses  the  velocity 
sou^U  But  because  the  quantities  of  aerial  matter  whiclt 
iaeue  from  the  same  orifice  in  a  moment  are  as  the  densities 
and  velocities  jointly,  we  shall  have  MV  :  m  v  =  DV V ; 

Therefore  P  :p  ^J?=DV:<it?. 

We  may  have  another  expres^on  of  the  velocity  witt 
out  conadering  the  density.     We  had  P :  P  +p  =D:  d: 

therefore  d  =  D^^+P,  and  d-D  =  ^JifH  _  D, 
P  F  * 

and    ^-DxP^^P    ^ 

^  13xP+p     ' 

therefore  i.  =  V  X     /^Iwhich 

onvenient  expression, 

Hithi'rlo  we  have  considered  tlie  motion  of  air  as  pro- 
duced by  its  weight  only.  I.^ci  m  now  consider  ibc  effort 
of  its  elasticity. 

Let  ABCD  ^Fig.  61.)  be  ■  vessel  coutwning  air  of  any 


dpr,  =  DV'  :  dv'. 


Hence  we  deduce  v  = 


_DxF+p— DP 

p+p— p  ^  p__ 
p+p  '     p+p 

■a  a  very  simple  and 
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density  D.  This  air  b  in  a  state  of  compression ;  and  if 
the  compressing  force  be  removed,  it  will  expand,  and  its 
elasticity  will  diminish  along  with  its  dena^.  Its  elasticitj 
in  any  state  is  measured  by  the  force  which  keeps  it  in  that 
state.  The  force  which  keeps  common  air  in  its  ordinary 
density  is  the  weight  of  the  atmosphere,  and  is  the  same 
with  the  weight  of  a  column  of  water  SS  feet  high.  If 
therefore  we  suppose  that  this  lur,  instead  of  being  confined 
by  the  top  of  the  vessel,  is  pressed  down  by  a  moveable 
pston  carrying  a  column  of  water  33  feet  high,  its  elasti- 
dty  will  balance  this  pressure  as  it  balances  the  pressure 
of  the  atmosphere ;  and  as  it  is  a  fluid,  and  propagaitcs 
through  every  part  the  pressure  exerted  on  any  one  part, 
it  will  press  on  any  little  portion  of  the  vessel  by  its 
elasticity  in  the  same  manner  as  when  loaded  with  this 
column. 

The  consequence  of  this  reasoning  is,  that  if  this  small 
portion  of  the  vessel  be  removed,  and  thus  a  passage  be 
made  into  a  void,  the  air  will  begin  to  flow  out  with  the 
same  velocity  with  which  it  would  flow  when  impeUed  by 
its  weight  aloue,  or  with  the  velocity  acquired  by  falling 
from  the  top  of  a  homogeneous  atmosphere,  or  1S3S  feet  in 
a  second  nearly. 

But  as  soon  as  some  air  has  come  out,  the  density  of 
the  remaining  air  is  diminished,  and  its  elasticity  is  dimi- 
nished ;  therefore  the  expelling  force  is  diminished.  But 
the  matter  to  be  moved  is  diminished  in  tlie  very  same 
proportion,  because  the  density  and  elasticity  are  found 
to  vary  according  to  the  same  law ;  therefore  the  velocity 
will  continue  the  same  from  the  beginning  to  the  end  of  the 
efilux. 

This  may  be  seen  in  another  way.  Let  P  be  the  pres- 
sure of  the  atmospliere,  which  being  tlie  counterbalance 
and  measure  of  the  initial  elasticity,  is  equal  to  the  expel- 
ling force  at  the  first  instant.  Let  D  be  the  initial  density, 
and  V  the  initial  velocity.     Let   (2  be  its  density  at  the 
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nul  of  tile  time  t  of  efBux,  nml  v  the  coatomporaiicous 
velocity.     It  is  plain  that  at  lh«  end  of  this  time  we  shall 

hare  the  expelling  force  •■  =  -tt-  ;    for  D :  d  = 

These  forces  are  proportional  to  tlie  quantities  of  motiotf  I 
which  tliey  produce ;  and  the  quantities  of  motion  are  prao  I 
portjomd  to  the  quantities  of  matter  M  and  m  and  the  vw  ] 

lociUea  V  and  If  jointly :  therefore  vc  have  P  :  ^=:MVj 

nt  V.     But  the  quantities  of  matter  which  eecitpe  thmugh) 
A  given  (vifice  are  as  the  densities  and  velodttes  jointly  if 

thai  is,  M :  m  =  DV :  d  a  :  therefore  P 


i  the  velocity  lif  efflux  is  constonL    Hence  follows,  what  1 
appears  very  unlikely  at  first  sight,  that  however  much  the 
air  in  the  vessel  is  condensed,  it  will  always  issue  into  i^  J 
void  with  the  same  velocity. 

In  order  to  find  the  quantity  of  aerial  matter  which  wilj'  I 
issue  during  any  time  t,  and  consequently  the  density  of'  I 
the  rcmajniug  air  at  the  end  of  this  time,  we  must  get  the  1 
nile  of  efflux.  In  the  element  uf  tirnec  there  issues  (bj^  I 
what  has  been  said  above)  the  bulk  S^HO  i  (for  the  velo-  | 
dty  V  is  constant) ;  and  therefore  the  quantity  8^H0  d  i^ . 
On  the  other  hand,  the  quantity  of  air  at  the  beginning  was, 
CI>,  C  being  the  capacity  of  the  vessel ;  and  when  the  i 
has  acquired  the  density  d,  the  quantity  la  C  d,  and  thtf-J 
qunoUty  run  out  is  CD  —  Cd:  therefore  the  quaotitvJ 
uriiich  has  run  out  in  the  time  i  must  be  the  fluxion  of  J 
CD  — Crfj  or — Cj.     Therrfore  we  have  the  equation  [ 

8JH0  i ,  =  -  Cii  ««( ,i  ==  8=^  ■■  =  ^  > 

i  _ ',->! 

-2- 

Vol.  III.  S  X 
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Q 

The  fluent  of  this  Is  ^  =  g-yuQ  '^*  ^      "I*!^  fluent 

must  be  so  taken  that  t  may  be  =  o  when  d=  D.  There- 

CD 

fore  the  correct  fluent  will  be  t  —  q  /ho  '^^'  "T*^™^^^' 

—  ==  log  1,  ==  0.    We  deduce  from  this,  that  it  requires 

an  infinite  time  for  the  whole  mt  of  a  vessel  to  tkm  out  of 
it  into  a  vend.  N.  A— By  log.  d,  &c.  is  meant  the  hyper- 
bolic logarithm  of  <^  &c. 

Let  us  nes^t  suppose  that  the  vessel,  instead  of  lettbg 
out  its  air  into  a  vend,  emits  it  into  air  of  a  leas  density, 
whidbi  remains  constant  during  the  efflux,  as  we  may  sup- 
pose to  be  the  case  when  a  vessel  containing  condensed 
ur  emits  it  into  the  surrounding  atmosphere.  Let  the 
initial  density  of  the  ur  in  the  vessel  be  ',  and  that  c^  the 
atmospere  D.     THen  it  is  plain  that  the  expelling  fbroe  is 

P_?5,  and  that  after  the  time  t  it  is  ^^  ^P.      We 

have  therefore  P  —  — __  :     ^     ■■    ^     =  MV  :  mr,= 

Ad—D\ 

^V :  d  v\    Wlience  we  derive  w  =  V  ^  -J. 

From  this  equation  we  learn  that  the  motion  will  be  at 

an  end  when  df  =  D :  and  if  )  =  D  there  can  be  no  efflux. 

'  To  find  the  relation  between  the  time  and  the  den- 

fflty,  let  H,  as  before,  be  the  height  produdng  the  vdo- 

city  y.      The  height    producing   the  velodty  of  efflux 

V  must  be  H  X   — — i^  and  the   litUe  parcel  of  air 

which  will  flow  out  in  the  time  i  will  be  =  S^HOiii 

^  .~Ji»    On  ^  the*  other 'hand,  it  i8  =  — C'i 


d 


Hence    we   deduce    the    fluxionary    equation  ^  ^^ 

* 

i^!f^i  X Zi    ^y     The   fluent    of  this,   ooued- 

. '  r    ■ 
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ed  so  as'to  make  /  =  O  when  d  =  fe  isig=^^^~^  X 
log.  (  /  X^  "*"  ..  ~  .  ■■  )•  And  the  time  of  camplet* 
iDg  thiB  efflux,    when   d=  D,  ia  <  =  il —    T    x  Idg. 

Lastly,  Let  ABCD,  CF6H  (Fig.  8S.)  be  two  vessels 
containing  airs  of  different  densities,  and  communicating 
by  the  orifice  C,  there  will  be  a  current  from  the  vessel 
containing  the  denser  air  into  that  contwiing  the  rarer : 
iappose  from  ABCD  into  CF6H. 

Let  P  be  the  elastic  force  of  the  air  in  ABCD,  Q  its 
definty,  and  V  its  velocity,  and  D  the  density  of  the  sir  in 
CF6H.  And,  after  the  time  t,  let  the  density  of  the  air 
m  ABCD  be  j,  its  velocity  v,  and  the  density  of  the  air 
in  CF6H  be  I     The  expelling  force  from  ABCD  will 

PD 

be  P ^r—  at  the  first  instant,  and  at  the  end  of  the 

time  t  it  will  be  tt— K~«      Therefore  we  shall  have 

•.  PD        P(7  P> 

F  -^  -g—  :  -p^  —  ^  =  QV*'* :  }  »*,  which  pves  t;  s=  V 

X       /  ^j?*T^  ,  and  the  motion  will  cease  when^  =  q. 

* 

.  ^  Let  A  be  the  capacity  of  the  first  vessel,  and  B  that  of 

the  second.     We  have  the  second  equation  AQ  +  BD  = 

A  $+^^  «^d  therefore »  =         ~^    •   Substituting 

this  value  of)  in  the  former  value  of  v,  we  have  v  =  V  x 
/§Il[(^pyQ=dL  which  gives  the  reUtioo 

betweoi  the  velodty  v  and  the  density  q. 

In  order  to  ascertun  the  time  when  the  air  in  ABCD 
has  acquired  the  den^ty  q,  it  will  be  convenient  to  abridge 
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the  work  by  scxne   substitutions.      Therefcwe  make  Q 
(B+A)  =  M,  BQD  +  BQ«  =  N,  BQ  —  BD  z=  R  ud 

N 

|B-=sm.     Then»  jnoceeding  as  be&nre,  we  obtain   the 

fluxionaiy  equation  8  VHO  j  '^^"^  i  =  AQ— Aj 

the  fluent,  completed  so  that  t^s^o  when  j  «%  Q,  is  !«= 
AVR         -^  /Q— ^m+V(Q^tiiQ)\ 

Some  of  these  questions  are  of  difficult  scdutioDs  and  tbqr 
are  not  of  frequent  use  in  the  mcffe  important  and  usual 
applications  of  the  doctrines  of  pneumatics,  at  least  in  tbor 
present  form.  The  cases  of  greatest  use  are  when  the  air 
is  expelled  from  a  vessel  by  an  external  force,  as  when  bd» 
lows  are  worked,  whether  of  the  ordinary  form  or  oonsist- 
ing  of  a  cylinder  fitted  with  a  moveab  lejnston.  TUs  last 
case  merits  a  particular  connderation ;  and,  fortunately, 
the  investigation  is  extremely  easy. 

Let  AD,  Fig.  81.  be  conadered  as  a  piston  moving 
downward  with  the  uniform  velocity^  and  let  the  area  of 
the  piston  be  n  times  the  area  of  the  hole  of  efflux,  then  the 
velocity  of  efflux  arising  from  the  motion  of  the  piflUm  wiU 
be  nf.  Add  this  to  the  velocity  V  produced  by  the  das* 
ticity  of  the  ur  in  the  first  question,  and  the  whole  vdodty 
will  be  V  +  njl  It  will  be  the  same  in  the  others.  The 
problem  is  also  freed  from  the  consideration  of  the  time  of 
efflux.  For  this  depends  now  on  the  velocity  of  the  pis- 
ton. It  is  still,  however,  a  very  intricate  problem  to  as* 
certain  the  relation  between  the  time  and  the  density,  even 
though  the  piston  b  moving  umformly ;  for  at  the  tiefpn" 
ning  of  the  motion  the  lur  is  of  comm<^  density.  As  the 
piston  descends,  it  both  expels  and  compresses  the  air,  and 
the  density  of  the  mr  in  the  vessel  varies' in  a  very  intricate 
manner,  as  also  its  resistance  or  reaction  on  the  piston. 
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Kdir  tbiix^Kiti,  a  {Hflton  wiiich  arnica  itDifiinnly  by  nu^os 
of  an  external  Force  will  never  make  an  unitbmi  blast  bf 
succeasiTe  strokes ;  it  will  alwiya  be  weaker  at  Uie  begiiW 
Btng  of  the  stroke.  The  best  way  ibr  securing  an  unifunA 
blast  is  to  employ  the  externsl  force  only  for  lifting  up  the 
]sastOD,  and  then  to  let  the  piston  descend  by  its  own  weighti  ' 
In  this  way,  it  wiU  quickly  sink  down,  compresung  the  WT^ 
till  its  dcninty  and  corresponding  elasticity  exactly  balaoee' 
the  weiglit  of  the  piston.  At\er  this  the  piston  ^nll  descen^ 
equably,  and  the  blast  will  be  unifonn.  Tltesc  dascrvM 
lions  and  ifaDarcms  will  (erve  to  determioe  the  initial  velcH 
city  cf  the  air  in  bU  important  cases  of  its  expulsion.  The 
pbiloaopher  will  learn  the  rate  of  its  effltix  out  of  one  vesr  ' 
sel  into  another ;  the  cliemist  will  be  able  to  calculate  til* 
qnaniities  of  the  different  gases  which  arc  employed  in  iha 
etnimis  experiments  of  the  ingenious  but  inifurtUDate  Lih 
nnairr  on  Ciunbuslion,  and  will  find  tlictn  extremely  differ* 
cnt  lirofn  what  lie  supposed ;  the  en^neef  will  leam  how 
la  pTDporlion  the  motive  Ibrce  of  this  machine  Co  the  <juai>* 
tily  of  aerial  matter  which  his  bellows  must  sup^y.  But 
it  b  not  enough,  for  this  purpose,  that  the  air  begin  to  is^ 
■uc  in  the  proper  quantity ;  we  must  see  whether  il  be  not 
affected  by  the  drcumstancce  of  its  subsequent  passage. 

All  the  modifications  of  motion  which  arc  observed  la 
water  oonduits  take  place  also  in  tlic  passage  of  air  through 
pipe*  and  boles  of  all  -kinds.  There  is  the  some  dimimi- 
tiMi  of  quantity  passing  through  a  hole  in  a  thin  plate  tlwt 
is  observed  in  water.  \Vc  know  that  {abating  the  small  ef- 
fect of  friction)  water  issues  with  the  velocity  acquired  hy 
falling  from  (he  surface ;  and  yet'  if  we  calculate  by  thij 
velodty  and  by  the  area  of  tlie  orifice,  wc  shall  find  the 
quantity  of  water  definent  nearly  tn  tlie  proportion  of  63 
to  100.  This  is  owing  to  the  wattr  pressing  towards  the 
orifice  from  all  sides,  which  occasions  a  contraction  of  the 
jet.  The  same  thing  happens  in  the  t-lllux  of  air.  AlsO 
the  motiou  of  water  is  grvatly  impeded  by  all  canlmctiom  ' 
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of  its  passage.  TheseoUige  it  to  accelerate  its  velocity,  and 
therefore  require  aa*  increase  of  pressore  to  farce  it  tfarm^ 
Ihcni,  and  thi0  in  psoportion  to  the  squares  of  ^e  vdoa- 
ties.  Thu8»  if  a  machine  working  a  pump  causes  U  to  give 
a  certain  number  of  strokes  in  a  minute,  it  wHl  ddiirer  a 
determined  quantity  of  water  in  thAt  tiine.  Sbodd  it  hap 
pen  that  the  passage  of  the  Water  is  contracted*  to  one  half 
in  any  part  of  the  machine  (a  thing  «whidi  fiiequenlly  hap-' 
pens  at  the  valves),  the  water  must  move  through  this  coo- 
traction  with  twice  the  vdocitythat  itluts  inthe  rest  of  die 
passage.  Thb  willrequure  four  tiAies  Aefonie  to  be  ex- 
erted on  the  piston.  Nay  (which  will  vppear  very  odd, 
and  is  never  suspected  by  engineers),  if  no  part  of  die  pas- 
sage  ia  narrower  than  the  barrel  of  the  pump,  bat  on  the 
contrary  i^pi^  much  mder,  and  if  the  conduit  faeag^ 
contracted  to  the  width  of  the  barrel,  an  additiimai  force 
must  b^  applied  to  the  piston  to  drive  the  water  thnwgh 
this  passage,  which  would  not  have  been  necessary  if  the 
passage  had  not  been  widened  in  any  part,  It  will  require 
a  force  equal  to  the  weight  of  a  column  of  water  of  the 
height  necessary  for  cDmmunicating  a  velocity  the  square 
of  which  is  equal  to  the  difference  of  the  squares  of  the  ve- 
locities of  the  water  in  the  wide  and  the  narrow  part  of  the 
conduit. 

The  same  thing  takes  place  in  the  motion  of  or,  and 
therefore  all  contractions  and  dilatations  must  be  carefully 
avoided,  when  we  want  to  preserve  the  velodty  umm« 
paired. 

Air  also  suffers  the  some  retardation  in  its  motion  along 
pipes.  By  not  knowing,  or  not  attending  to  that,  ongi- 
neers  of  the  first  reputation  have  been  prod^iously  disap* 
pointed  in  their  expectations  of  the  quantity  of  air  whkji 
will  be  delivered  by  long  pipes.  Its  extreme  mobility  and 
lightness  hindered  them  from  suspecting  that  it  would  suf- 
fer any  sensible  retardation.  Dr  Papin,  a  most  ingenious 
man,  proposed  this  as  the  most  effectual  mf:tbod  of  tians- 
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^Wfcig  \\k  action  of  a  moving  power  to  a  great  distunoe. 
Suppose,  tbr  inBtance,  that  it  wm  required  to  raise  water 
out  of  a  mine  by  n  watcr< machine,  and  that  there  was  mi 
till  of  water  nearer  tlian  a  mile's  distance.     He  employeei 
this  water  to  drive  a  piston,  which  should  compress  the  aitf 
in  a  cylinder  conimunicaiing,  by  a  lung  pipe,  with  another 
cylinder  at  the  moulh  of  the  mine.     This  second  cylinder 
bad  a  piston  in  tt,  wEio^e  rod  was  to  give  motion  to  the 
pumps  at  the  mine.     He  expected,  that  as  soon  as  the  pi*; 
too  at  the  natci-machine  h^  compressed  the  air  sufficient^  ■ 
ly,  it  would  cause  the  atr  in   the  cyiindcr  ot  the  mine  W  J 
finxe  up  its  piston,  and  thus  work  tlie  pumps,     Dr  Hoote  I 
made  many  objections  to  the  method  when  lni<l  before  iha  I 
Boyol  Society,  and  it  was  much  debatid  there.     But  dy.   1 
namics  was  at  this  time  an  infant  science,  and  very  little   I 
imderstood.     Ncwion  lini)  not  then  taken  any  port  in  lb#  1 
bueinDsii  of  the  society,  oihcrwisc  the  true  objections  would'  I 
not  have  escaped  his  sagacious  mind.     Notwilhstandin|^   i 
Fapin^B  great  rqiutation  as  an  engineer  and  mechanic,  hO   I 
cuuM  not  bring  his  scheme  into  use  in  England  ;  but  aAi   J 
terwnrds,  in  France  and  in  Germany,  where  he  settled,  h»  I 
gnt  some  )x;rsong  of  great  fortunes  to  employ  him  in  ihitf  1 
prcgect;  and  lie  erected  great  machines  in  Auvergneami   I 
Westphalia  for  draining  mines.     But,  so  far  from  being  e(^  I 
fective  machines,  they  would  not  even  begin  to  move-     Htf   I 
attributed  the  failure  to  the  quantity  of  air  in  the  pipe  oP    | 
conmunicaliun,  which  must  be  condensed  before  it  can  con-    I 
dense  tlie  air  in  the  remote  cylinder.     This  indeed  is  true,'   1 
and  be  should  have  thought  of  this  earlier.     HethcreforeL   1 
diminished  the  size  of  this  pipe,  and  made  his  watcr-ma^*    I 
chine  exhaust  instead  of  condensing,  and  hod  no  doubt  but>   1 
that  the  immense  velocity  with  which  air  ruslies  into  a  void    I 
would  make  a  rapid  and  effectual  communication  of  power.    I 
But  he  was  equally  disappointed  here,  and  the  machine  at- '  I 
the  mine  stood  still  as  before.  '  I 

Near  a  century  after  this,  a  very  intelligent  engineer  at**  I 
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tempted  i|  aptuch.niore  fti^Ue  thintg  cif  tlua  kind  atjui  inn» 
fbun4ery  in  l¥akk    He  Effected  4  ipediioe  ai  M,  jpowerfiil 
fi|^  of  wafer^  ^Msh  wpi;ked  a  ae(  of  cyliader  b^ows»  tha 
(ilpwrpipe  of  whi^)  fFa$  oHKlUcted:  Iq  the  riuihimw  of  a  naik 
en4  «  hfplf,.w)ifq:e  it  was  atypUed  to  a  'Uaat  funiaoe.    But 
^iptwitbtfapdiyig^  every  cave'  to  make  the  eondUetiiig  pipe 
Yery  air^tigbt»  of  great  mei  aod  as  imootfi  lis  iHMaihlftt  it 
would  hardly  biow  out  a  candle.    The  fiuhire  vaa  moA- 
ed  to  Ibe  uppoeaUnlity  rf  makiog  ibfe  pipe  airtight    Bat, 
ifh^ wae surpduag,  abore  ttoauputea^chpifri  after tkt 
aetkm  of  the  piqtons  m  the  bellows  befeie  the  least  wind 
oould  be  perc^yad  at  the  end  of  (he  |npe ;  vhoeas  the  en* 
pnew  expecjted  an  intertal  of  6  seconds  only* 
.  Np  Ti^ry  distiaot  theoty  tea  be  delitered  on  this  subjeoCt 
bt|t  we  ipay  derive  dooddefable.  aasiaianoe  in  undenrtsnd* 
ipg  the  ifwae^f  of  tbfe  obstruction  to  the  motion  of  watsr  in 
Ibpg  {upes^  by  Oonsideriilg  whaX  happens  to  air-    The  elas- 
.  ticity  of  tb0  air,  and  its  great  compreanhility,  have  given 
MS-  the  dibtuietM  notions  of  fluidity  in  general^  showing  «% 
in  a  way  that  ean  hardly  be  cantroverted,  that  the  partU 
des  of  a  fluid  are  kept  at  a  distaiioe  from  each  other,  and 
from  other  bodies,  by  the  corpuscular  forces.     We  shall 
therefore  take  this  opportunity  to  'give  a  view  of  the  sub- 
ject, which  did  not  occui?  to  us  when  treating  of  the  motion 
of  water  in.pipe^i,  reserving  a  further  discussion  to  the  ar- 
ticles RlVKR,  WAtBRW^ULS. 

The  writers  od  hydr6dynaniic8  have  always  oonadeied 
the  obstructbn  to  the  motion  of  fluids  along  canals  of  any 
kind,  as  owing  to  something  like  the  friction  by  which,  the 
motion  of  solid  bodies  on  each  other  is  obstructed ;  but  we 
cannot  form  to  ourselves  any  distinct  notion  of  lesemUanoe, 
or  even  analogy,  between  them.  The  fact  is,  however,  that 
a  fluid  running  along  a  canal  has  its  motion  obstructed ; 
and  that  this  obstruction  is  greatest  in  the  immediate  vici- 
nity of  the  solid  canal,  and  gradually  diminishes  to  the 
middle  of  the  stream.     It  appears,  therefore,  that  the  parts 
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offluiiia  can  no  more  move  unoiig  each  oUkx  thgrt  Ainoag 
solid  btxties,  wllhoul  sufTeriag  a  diminution  uf  their  nub 
tioD.  The  parts  in  phyfiical  cunuct  with  the  sides  and 
baUaca  arc  retarded  by  these  imiBoveabIc  btMlies.  Tbf 
particles  of  the  next  stratum  of  fluid  cannot  preserve  their 
initial  velocities  without  overpassing  the  particles  of  the 
first  BtnriuRi  i  and  it  appears  from  the  fact  that  they  are  ' 
by  this  means  retarded.  They  retard  iu  the  same  manner 
the  partideti  of  the  tliird  stratum,  and  ao  on  to  the  middle 
stratum  or  thread  of  tluid.  It  appears  from  the  fac^ 
tiwrdbre,  that  this  sort  of  friction  is  not  a  cOnseiiueDce  tf 
rigidity  alone,  but  that  it  la  equally  competent  to  fluidat 
Nay,  since  it  is  a  maltor  nf  fact  in  air,  and  is  even  mora 
r^narkable  there  then  in  any  other  fluid,  as  we  shall  ace  bjF  • 
the  experiments  which  have  been  made  on  the  lubjcdj 
aod  as  our  experiments  on  the  compreesion  of  air  show  im 
the  particles  of  air  ten  Umes  nearer  to  each  other  in  sotno 
caees  than  in  others  (viz.  when  we  see  air  a  thoutiand  times 
dcDser  in  these  cases),  and  therefore  force  us  to  nckiiow^ 
ledge  that  they  are  not  in  contact ;  it  is  plain  tliat  this  obf 
BUiiction  has  no  analogy  to  friction,  which  supposes  rough-  'J 
neaa  or  inequahty  of  Burface.  No  such  inequality  can  be 
Wppoaed  in  the  surface  of  an  aerial  portide ;  nor  would  it 
be  of  any  service  in  explaining  the  obslruction,  since  the 
partidea  do  not  rub  on  each  other,  but  pass  eadi  other  al 
aome  Email  and  imperceptible  distance. 

We  must  therefore  have  recourse  to  some  other  mode  nf 
explication.     We  shall  apply  this  to  air  only  in  this  place*  ' , 
and,  sinoe  it  is  proved  by  the  uncontrovertible  experimontfl  -I 
of  Canton,  Zimmerman,  and  others,  that  water,  mercury, 
oil,  &c.  are  also  comprceaible  and  perfectly  clastic,  the  ar^ 
gtimcnt  from  this  principle,  which  is  condusivc  in  air,  must  , 
cqoaUy  explain  the  similar  phenomenon  in  hydraulics. 

Thp  most  highly^potished  IJody  which  we  know  must  be  i 
fiooceived  as  having  an  uneven  surface  when  we  compare  it  'M 
with  the  small  spaces  in  which  the  corptincuUr  tbicvb  a 
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iexerted  •)  imd  a  quantity  of  air  mofiDg  in  a  polished  pipe 
aaay  be  Compared  to  a  quantity  of  mnall  shot  aliding  down 
k  diannel  with  undulated  sides  and.  bottom.  •  The  roar  of 
particles  immediately  contiguous  to.  the  dkles  wUl  therefim 
liave  aii  undcdkted  motion :  but  this  uadulatioti  of  tbe<eni«> 
tiguons  particles  oP  air  will  not  be'so'gteat  as  that  af  the 
iurf$ce  alcmg  which  they  glide  f  ibr  ndt  di^  «fny  OkitiMi 
require  force  to  produce  it,  bni  alsb'Jirverfdiaiige  of  mo* 
tion.    Thie  particles  of  air  resist  this  change  fn»  a  lecti* 
lineal  to'an  undulating  motion-;  aad^  being  elasticy-that  is, 
t«pelling  each  otherand  other  bodies,  they  keepalitik 
aearet  t6  the  surface  an  they  arepaMirigiOniep  an  •minenoe^ 
and  thieir  path  is  less  incurvated  than  the  aurface.    The 
diffisrenoe  between  the  motion  of  the  p&rddaaof  wrand  the 
particles  ct  a  fluid  quite  unelastic  is^'  in  this  j«poot|  sooie^ 
what  like  the  diflierenee  between  the  mbtioii  cfa'sprmg^ 
carriage  and  that  of  a  common  caniage.    When  theeoao- 
mon  carriage  passes  along  a  road  not  perfectly  smooth,  the 
line  described  by  the  centre  of  gravity  of  thecarriage  keeps 
perfectly  punUel  to  that  described  by  the  axis  of  the  wheels, 
rising  and  falling  along  with  it.     Now  let  a  spring  body  be 
put  on  the  some  wheels  and  •  pass  along  the  same  road. 
When  the  axis  rises  over  an  eminence  perhaps  half  an  inch, 
sinks  down  again  into  the  next  hollow,  and  then  rises  a>  se- 
cond time,  and  so  on,  the  centre  of  gravity  of  the  body  de- 
scribes a  much  straighter  line ;  for  upon  the  rising  of  the 
wheels,  the  body  resists  the  moticm,  and  csompresses  the 
springs,  and  thus  remains  lower  than  it  would  haTe  been 
had  the  springs  not  been  interposed.     In  like  manner,  it 
does  not  sink  so  low  as  the  axle  does  when  the  wheels  go 
into  a  hollow.     And  thus  the  motion  of  spring^carriages 
becomes  less  violently  undulated  than  the  road  along  which  • 
they  pass.      This  illustration  will,  we  hope,  enable  the 
reader  to  conceive  how  the  deviation  of  the  particles  next 
to  die  sides  and  bottom  of  the  canal  from  a  cectilineal  mo- 
tion is  less  than  that  of  the  canal  itself. 
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It  »  Mrictcnt  tluU  the  fomt  ivafamng  will  prove  ibat  Ui« 
unduiotiun  of  the  next  row  of  piuticles  wilt  lie  less  than 
that  of  the  flrst,  that  the  iiixtiilation  of  ihc  third  row  will 
be  less  tliaii  that  of  tlie  Hecond,  and  so  on,  as  is  repce- 
sented  in  Fig.  S3.  And  thus  it  appears,  that  while  the 
mace  of  air  has  a  progressive  motion  along  the  pipe,  or 
canal,  eacli  particle  i.s  de^ribing  u  waving  line,  of  which  a 
line  parallel  to  tlie  direction  of  the  canal  is  the  axis*  cut- 
ting ail  these  undulations.  This  axis  of  each  undulaml 
path  will  be  straight  or  curved  as  the  canal  is,  and  ihe  ex> 
curnons  of  tlie  path  on  each  side  of  ils  asis  will  be  less  aud 
less  as  the  axis  of  the  path  ia  nearer  to  the  axis  of  the 
oanaL 

Let  us  now  see  what  aentibli  effect  this  trill  have;  for 
all  the  motion  which  we  here  speak  of  is  imperceptible.  It 
is  demonstrated  in  mechanics,  that  if  a  body  moving  wilh 
any  velocity  he  deflected  from  its  rectilineal  path  by  a  curv- 
ed and  perfectly  smooth  channel,  to  which  the  rectilineal 
path  b  8  tangent,  it  will  proceed  along  this  channel  with 
undiminished  velocity.  Now  the  path,  in  the  present  case, 
may  be  considered  as  perfectly  smooth,  since  the  particles 
do  not  touch  it.  It  is  one  of  tlic  undulations  which  wo  arc 
considering,  and  we  may  at  present  conceive  this  as  witii- 
out  any  subordinate  inequalities.  There  should  not,  theri'- 
fbro,  be  any  diminution  of  (he  vclodty.  Let  us  grant  this 
of  the  absolute  velocity  of  the  particle ;  but  what  wc  ob- 
serve is  the  velocity  of  the  mass,  aud  we  judge  of  it  jier- 
haps  by  the  motion  of  a  feather  carried  along  by  it.  Let 
us  supposL'  a  single  atom  to  be  a  sensible  object,  and  let  us 
attend  to  two  such  particles,  one  at  the  side,  and  the  other 
in  the  middle:  although  we  cannot  perceive  tiie  undula- 
tions of  these  particles  during  their  pn^rcsatve  motions,  wc 
see  the  progressive  motions  themselves.  Let  ua  suppose 
then  that  the  middle  particle  lins  moved  without  any  un- 
dulation whatever,  aud  that  it  hat  advanced  ten  feet.  The 
liUi.Tul  [uirticlc  will  also  liavc  moved  ten  feet ;  but  this  haa 
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B0t  bedA  kiJijtnkiglit  Una  It  wiU  «*  Iw  fiofiv  advanofed, 
thmfixe,  id  tOw  ^edtioa  of> the  canal;  ic  unll  be  left  be* 
Mnd^and'irfll  e|^>ear  to  ustoihaiift  betn  imtaitfadiptiii 
Biolpnti :  and  ia  lihe  manner  eadi  tfamd>aC|iartkka  nfll  hi 
0iM  and  mofitf  MtaxdMl  (apparentl7iHiljr)a8itseoede»fia!u 
tber^iiNan  die  aaoi  of  the  ctmal,  ornnbat  ir  usiudlyiGiiiBd 
thelliKead  of  the  itfeaas;-  *:         j./ .:-     >:.).r^TL 

-iiAad  thnsthe  observed' fiu!t  is  aboibn  to  bfeaitaeenaiiF 
MiiieqtMnoeof irhat  ire  kiidir  to  bcr-dwDiuitiife'tif tacom* 
lM8aiU^'<»da8dc  fluids  and  that  uttikiutianppnahigiaay 
^mititttion  in  the  teal  velocttyof  eaehipartid^tthaieaill 
be  ia  diinhiutifoti  '«f  the  Teloat^^iof  tH^  aemifaie  tfareadt^ 
the  general  stream,  and  a  diminution  of  the  whole  qiuusdtjp 
of  air  iriiidh  passes  fdoog  it  diirii^  li' gireai  tiawc  ?' ^' 

I  Let  ui  DOW  suppose  a  paired  of  iairiaipdled'akiag  afipe^ 
mbich  iB  perfbcUff  smooth,  outiof  a  hDqgei!Te8ld;«odisBiik 
ifl^  from  this  pipe  with  a  eertaiii  Tefaoty.  ■^'ttttwopkmm 
eertmn  force  to  change  its  velocity  in'  tht  >resMi  (lo'ithe 
greater  velocity  which  it  has  in;  the  pipe^^-l^bis^ia  aboidr 
andy  demons^ated.  How  long  soever  we  'Suppose  this 
pipe,  there  will  be  no  diange  in  the  vehxiity,  >or  infAe 
force,  to  keep  it  up.  But  let  us  suppose,,  that  about  the 
middle  of  this  pipe  there  is  a  part  of  it  which  haM  mMtaky 
got  an  undulatkl  surface,  however  imperceptahle.  Let  vs 
further  suppose  that  the  final  velocity  of  the  middle  thread 
is  the  same  as  before.  In  this  case,  it  b  evident  diat  the 
sum-total  of  the  motions  of  all  the  particles- is  greater  than 
before,  because  the  absolute  motions  of  the  lateral  partieles 
is  greater  than  that  of  the  central  particle^  which  we  aup* 
pose  the  same  as  before.  This  absolute  increase  of  modno 
cannot  be  without  an  increase  of  propelling  force :  the  filroe 
acting  now,  therefore,  must  be  greater  than  the  force  act* 
ing  formerly.  Therefore,  if  only  the  former  force  had  con- 
tinued to  act,  the  same  motion  of  the  central  particle  tould 
not  have  been  preserved,  or  the  jHogressive  motion  of  the 
whole  stream  must  be  diminished. 
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I  And  ihoB  we  see  that  this  internal  inscnnblc  undulntory 
motion  becomes  a  real  obstruction  to  the  sensible  motion 
which  we  observe,  and  ocm^ons  an  expense  of  power. 

Let  us  see  what  will  be  the  cons«]uence  of  extending 
this  obatructing  surface  further  along  the  canal.  It  must 
cridently  be  accompanied  by  an  augmentation  of  the  too* 
tion  produced,  if  the  central  velocity  be  still  kept  up ;  for 
the  particles  which  are  now  in  contact  with  the  sides  do  not 
oontimie  to  occupy  that  situation:  the  middle  particles  mor- 
ii^  foslerj^ifian^  get  over  them,  and  in  their  turn  come  next 
tbeside ;  and  as  they  are  really  moving  equally  fast>  but  not 
ID  the  direction  into  which  they  arc  now  to  be  forced,  force 
is  necessary  for  changing  the  direction  also ;  and  this  is  in 
addition  to  the  force  necessary  for  producing  the  undula- 
tions so  minutely  treated  of.  The  consequence  of  this  must 
he,  that  an  additional  force  will  be  necessary  for  preserv- 
ing n  given  progressive  motion  in  a  longer  obilrtKling  pipe, 
and  that  the  motion  produced  in  a  pipe  of  greater  length 
by  a  given  force  will  be  less  than  in  a  shorter  one,  and  the 
«fflux  will  be  diminished. 

There  is  another  cnnsideradon  which  must  hove  an  in- 
fluence here.  Nothing  is  more  irrefragably  demonstrated 
than  the  necessity  of  an  additional  force  for  producing  an 
efflux  through  any  contraction,  even  though  it  should  be 
succeeded  by  a  dilatation  of  the  passage.  Now  both  the 
inequalities  of  the  sitles  and  the  undulations  of  the  motions 
of  each  particle  arc  equivalent  to  a  succession  of  oontrac* 
lions  and  dilatations ;  although  each  of  these  is  next  to  in- 
finitely small ;  their  number  is  also  next  to  ioDnitely  great, 
and  therefoTD  the  total  eilect  may  be  sensible. 

We  hav'e  hitlierto  supposed  that  the  absolute  velodty  of 
the  particles  was  not  diminished  :  this  wa  did,  having  as- 
sumed that  llie  interval  of  each  undulation  of  the  sides  was 
without  inequalities.  Hut  this  was  gratuitous :  it  was  also 
gratuitous  that  the  sides  were  only  undulated.  Wc  have 
no  reaaon  for  excluding  angular  asperities.    These  will 
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plpoduoe^  and  most  certainly  often  produce^  real  dimiDu- 
tions  in  the  velocity  of  the  contiguous  particles ;  and  tius 
must-eKtend  to  the  very  axis  of  the  camd^  and  pioduoe  a 
dikiiinution  of  the  sum  total  of  modon :  and  in  order  .to  pre- 
sets the  same  sennble  progressive  motion,  a  greater  forae 
must  be  employed.  This  is  all  that  can  be  meant  by  say- 
ing that  there  is  a  resistance  to  the  motion  of  air  through 
long  pipes. 

'  There  renmins  another  cause  of  diminuticm,  via.  the 
want  of  perfect  fluidity ,  whether  arising  from  the  cfiasemU 
nation  of  solid  particles  in  a  real  fluid,  or  from  the  viscidi^ 
of  the  fluid.   We  shall  not  insist  on  this  at  present,  because 
it  cannot  be  shown  to  obtiun  in  ur,  at  least  in  any  case 
which  deserves  consideration.     It  seems  of  no  importance 
to  determine  the  motion  of  air  hurrying  along  with  it  soot 
or  dust.     The  effect  of  ibgs  on  a  particular  modification  of 
the  motion  of  air  will  be  considered  under  the  article 
Sound.     What  has  been  said  on  this  subject  is  suffident 
for  our  purpose,  as  explaining  the  prodigious  and  unex- 
pected obstruction  to  the  passage  of  air  through  long  and 
narrow  pipes.     We  are  able  to  collect  an  important  maxim 
from  it,  viz.  that  all  pipes  of  communication  should  be  made 
as  wide  as  circumstances  will  permit :  for  it  is  plain  that 
the  obstruction  depends  on  the  internal  surfieuse^  and  the 
force  to  overcome  it  must  be  in  proportion  to  the  mass  of 
matter  which  is  in  motion.     The  first  increases  as  the  dia^ 
meter  of  the  pipe,  and  the  last  as  the  square.     The  ob* 
struction  must  therefore  bear  a  greater  proportion  to  the 
whole  motion  in  a  small  pipe  than  in  a  large  one. ' 

It  were  very  desirable  to  know  the  law  by  whidi  the  te. 
tardation  extends  from  the  axis  to  the  sides  of  the  canal, 
and  the  proportion  which  subsists  between  the  lengths  <d 
canal  and  the  forces  necessary  for  overcoming  the  obstnic- 
tkms  when  the  velocity  is  given ;  as  also,  whether  the  pro- 
portion of  the  obstruction  to  the  whole  motion  varies  with 
thevekxity:  but  all  this  is  unknown.    It  does  not,  how. 
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ever,  seem  a  desperate  case  in  nlr :  we  know  pretty  (lietinctly  i 
tlie  law  uf  action  among  its  particles,  viz.  tliat  their  utt^  M 
lull  repulsions  are  inversely  as  their  dtataikcea.  This  pros.  I 
DiiBes  to  enai)te  us  tu  trace  tlie  progruss  of  undulation  fr<Ht|  I 
the  udes  of  the  conul  to  the  axis.  ,  I 

We  can  see  that  tlie  retardations  will  not  increase  so  (aak  ■ 
as  the  square  of  the  velocity.  Were  (he  fluid  inconipres4«  1 
ble,  ao  that  the  undulatory  path  of  a  particle  were  invf^  I 
riablc,  the  deflecting  forces  hy  which  each  individual  paBjh'l 
Ucle  is  made  to  describe  its  unduUting  path  would  be  pre*' J 
cisely  such  as  arise  from  the  path  itself  and  die  motion  q^  U 
iti  for  each  particle  would  be  in  the  situation  of  a  bodj^-f 
moving  along  a  lixed  path.  But  in  a  very  cumprcssibl^fl 
fluid,  such  as  air,  each  particle  may  be  considered  as  a  Sjt^l 
litary  body,  actuated  by  a  projectile  and  a  transverse  forc^  J 
vising  from  the  action  of  the  adjoining  particles.  4RIi  J 
motion  must  depend  on  the  adjiislment  of  these  forces,  UkJ 
tjie  same  manner  as  the  elliptical  motion  of  a  planet  d&^ 
pends  on  the  adjustment  of  the  Ibrce  of  projectiou,  wilh  ifcj 
gfavitaiion  inverAely  proportional  to  the  st^uare  of  the  dikfl 
tsnce  from  the  focus.  The  transverse  force  in  the  pre-setfil 
case  has  its  origin  in  the  pressure  on  the  air  which  i&priMS 
pelUiig  it  along  the  pipe :  this,  by  sqtteeiiing  the  particle|^ 
together,  hrlngs  their  mutual  repulsion  into  uctiuu.  Noil  I 
it  is  the  poperly  of  a  perfect  fluid,  that  a  pressure  exerteij^,,  J 
on  any  part  of  it  is  pru)»i^ated  equally  duougli  tlie  wholft  J 
fluid ;  therefore  the  trattsveri^e  forces  which  are  excited  by  _  I 
this  pressure  are  propurticmal  tu  the  pressure  itself :  on^  I 
we  know  that  the  pressures  exerted  on  the  surface  of^  I 
fluid,  so  as  to  exitcl  it  Uiruugh  any  orifice,  or  along  anj^  I 
caoal,  are  proportional  to  the  sqiwrcs  of  the  velocitiet^  J 
which  they  produce.  Therefore,  in  every  point  of  the  uo^  J 
dulatory  motion  of  any  particle,  the  transverse  force  b||  I 
which  it  is  deflected  info  a  curve  ig  proportionaj  tu  ili^  ■ 
aqu^e  of  \if  velocity.  When  this  is  the  case,  a  body  would^  I 
cotitinuc  tci. describe  the  suae  curve  as  before;  but,  by  th^  J 
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TCty  cuupreauon,  the  curvatures  are  tncreaaedy  supponng 
them  to  remain  amilar.  Thb  would  leqiure  an  iacniait 
of  the  (iransverfle  fovces;  but  this  is  not  tobefimiidi  Aae- 
fore  the  partide  will  not  describe  a  similar  curves  but  obe 
which  is  less  incurvated  in  all  its  parts ;  ooosecioeady  the 
ptogressive  velbcity  of  the  whole,  which  is  the  only  thing 
peroeitaUe  by  us,  will  not  be  so  much  diminished ;  that  is, 
did  obstructions  will  not  increase  so  fittt  as  thrf  would 
otherwise  d6,  or  as  the  squares  of  the  velocities. 
'  This  reasoning  is  equally  ap[dieaMe  to  all  fluids,  and  b 
Abundantly  confirmed  by  experiments  in  bydimulica,  as  we 
AaH  ste  when  oonsiderii^  the  motion  of  rivers.  We  have 
taken  (this  opportunity  of  delivering  our  ngtioiiB  on  this 
subject :  because,  as  we  have  often  said,  it  is  in  the  avow- 
ed discrete  constitution  of  air  that  we  see  moat  distiastly 
the  operation  of  those  natural  powers  which  oonstitirts 
fluidi^  in  general. 

We  would  beg  leave  to  mention  a  form  of  experioMiit 
for  discovering  the  law  of  retardation  with  considereUe  ac- 
curacy. Experiments  have  been  made  on  pipes  and  canals. 
M.  Bossut,  in  his  Hydrodynamiquej  has  given  a  verf 
beautiful  set  made  on  pipes  of  an  inch  and  two  inches  dia- 
meter, and  SOO  feet  long :  but  although  these  experiosenta 
are  very  instructive,  they  do  not  give  us  any  rule  by  which 
we  can  extend  the  result  to  pipes  of  greatec  kngdi  and 
difiPerent  diameters. 

Let  a  smooth  cylinder  be  set  upright  ki  a  very  large 
vessel  or  pond,  and  be  moveable  round  its  axis :  let  it  be 
turned  round  by  means  of  a  wheel  and  jpulley,  with  ah  uni- 
form motion  and  determined  velocity.  It  will- exert  the 
same  force  on  the  contiguous  water  which  would  be  exert> 
ed  on  it  by  water  turning  round  it  with  th^  Same.telocitjr: 
and  as  this  water  would  havd  its  motion  griidUally^ietArd- 
ed  by  the  fixed  cylinder,  so  the  moving  e^Uiideir  ^rill  gins- 
diiidly  communicate  motion  to  the  surrouttdihg  l^rater.  ^^ 
should  observe  the  water  gradiikUy  dragged  nkttd  by  it; 
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■MmtmteK  wnuld  «xicntl  further  and  furtlier  from  it 
as  the  motion  is  continued,  aiid  the  velocities  of  the  parts 
of  the  vortex  will  be  less  and  less  as  we  recede  fVom  the 
oris.  JJow,  we  apprehend,  that  when  a  point  of  the  sur- 
face of  tfie  cylmdcr  has  moved  over  20l>  fwt,  the  molion  of 
the  water  at  difTcrcttt  distances  from  it  will  be  similar  sdA 
pn^Mirtional  to,  if  not  precisely  the  same  with,  the  rdarda- 
tions  of  water  flowing  WO  feet  at  the  same  distance  from 
the  side  of  a  canal :  at  any  rate,  the  two  are  susceptible  of 
an  accurate  comparison,  and  the  law  of  retardation  may  be 
aomratffly  deduced  from  observations  made  on  the  motion^ 
of  lhi8  %-ortex. 

Air  in  motion  ia  a  very  familiar  object  of  ob^ervaUon  l 
and  it  is  interesting.  In  all  langtiages  it  has  got  a  name ;  ' 
we  call  it  wind :  and  it  is  only  upon  rc6ection  that  we  con- 
sider UT  as  wind  in  a  quiescent  state.  Many  persons  hard- 
ly know  what  is  meant  when  air  is  mentioned  ;  but  they 
cannot  refuse  thiU  the  bluet  from  a  bellows  is  the  cspulsion 
of  what  tliey  contained  i  and  thus  they  loom  that  wind  is 
«r  in  motion. 

It  ia  of  conae«iuenco  to  know  the  velocity  of  wind  ;  but  *> 
tw  good  and  unexceptionable  method   has  been  contrived   ' 
for  this  purpose.     The  b«t  seems  to  be  by  measuring  tlie   ' 
spae«  passed  over  by  the  shadow  of  a  cloud ;  but  this  icr   ' 
extremely  falladous.     In  the  lirst  placo,  it  is  certain,  that   ■ 
nlthougli  wc  suppose  that  the  cloud  has  the  velocity  of  the   < 
air  in  which  it  is  carried  along,  this  is  not  an  exact  measure 
of  the  cMrrent  on  the  surface  of  the  earth  ;  we  may  be  ol-   ' 
most  certain  that  it  is  greater :  for  air,  Ukc  all  otlier  fluids, 
is  ratardfd  by  tlie  sides  and  bottom  of  the  channel  in  which    ' 
it  mttves.     But,  in  the  next  place,  it  i»  very  gratuitous  tE>  ' 
suppose,  that  the  velocity  of  the  cloud  is  the  velocity  of  | 
the  stratum  of  air  between  the  ctoud  am)  the  earth;  we  are  | 
nimosi  certain  that  ii  is  not.     It  i»  nbumlantly  proved  by 
Dr  Mutton  of  Edinburgh,  that  clouds  arc  always  formed   ' 
wbiin  two  parcels  of  air  of  dillerent  temperatures  mix  to-   I 
gether,  each  oonlaining  a  proper  quantity  of  vniwur  in  the 
Vol.  III.  2  Y 


706  PNEUMATICS. 

state  of  chemical  solutioiL  We  know  that  different  strata 
of  air  will  frequently  flow  in  different  directions  for  a  long 
time«  In  1781,  while  a  great  fleet  rendezvoused  in  Ldth 
Boads  during  the  Dutch  war,  there  was  a  bridi  easterly 
wind  for  about  five  weeks ;  and,  during  the  last  fortnight 
of  this  period,  there  was  a  brisk  westerly  current  at  the 
height  of  about  |  of  a  mile.  This  was  distinctly  indicated 
by  frequent  fleecy  clouds  at  a  great  distance  above  a  lower 
stratum  of  these  clouds,  which  were  driving  all  this  time 
from  the  eastward.  A  gentleman  who  was  at  the  tiegd  cit 
Quebec  in  1759^  infonAed  us,  that  one  day  while  diere 
blew  a  gale  from  the  west,  so  hard  that  the  ships  at  andior 
in  the  river  were  obliged  to  strike  their  topmasts,  and  it 
was  with  the  utmost  difficulty  that  some  well-manned  boats 
could  row  against  it,  carrying  some  artillery  stores  to  a  post 
above  the  town,  several  shells  were  thrown  from  the  town 
to  destroy  the  boats :  onp  of  the  shells  burst  in  the  air  near 
the  top  of  its  flight,  which  was  about  half  a  mile  high. 
The  smoke  of  this  bomb  remained  in  the  same  spot  for 
above  a  quarter  of  an  hour,  like  a  great  round  ball,  and 
gradually  dissipated  by  diffusion,  without  removing  many 
yards  from  its  place.  When,  therefore,  two  strata  of  air 
come  from  difierent  quarters,  and  one  of  them  flows  over 
the  other,  it  will  be  only  in  the  contiguous  surfaces  that  a 
precipitation  of  vapour  will  be  made.  This  will  form  a 
thin  fleecy  cloud ;  and  it  will  have  a  velocity  and  direction 
which  neither  belongs  to  the  upper  nor  to  the  lower  stra- 
tum of  air  which  produced  it.  Should  one  of  these  strata 
come  from  the  east  and  the  other  f irom  the  west  with  equal 
velocities,  the  cloud  formed  between  them  will  have  no  mo^ 
tion  at  all ;  should  one  come  from  the  east,  and  the  other 
from  the  north,  the  cloud  will  move  from  the  north-east 
with  a  greater  velocity  than  either  of  the  strata.  So  uncer- 
tain then  is  the  information  given  by  the  clouds  either  of 
the  velocity  or  the  direction  of  the  wind.  A  tWck  smoke 
from  a  furnace  wiU  give  us  a  much  less  equivocal  measure: 
arid  this,  combined  with  ihe  effects  of  the  wind  in  impri- 
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iog  bodies,  or  deflecting  a  loaded  plane  from  the  perpendi-J 
cuUr,  or  other  effects  of  this  kind,  may  give  us  n 
of  the  different  currents  of  wind  with  a  precision  sufficient 
for  ntl  practical  uaes. 

The  celebrated  engineer  Mr  John  Smeaton  has  givM^IB 
ju  the  51at  volume  of  the  Philosophical  Transactions,  th*  I 
velocities  of  wind  corresponding  to  the  usual  denuminatioi 
in  Qur  language.     These  arc  founded  on  a  great  numlM 
ol' observations  made  by  himself  in  the  cour^  of  his  pn 
tice  in  erecting  wind-mills.     They  are  contiuaed  iti  tM'f 
following  table : 
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Sec  also  some  valuable  experiments  by  him  oa  this  sub" 
gect,  Pliitosophical  Traosactions  1760  and  1761. 

One  of  the  most  ingenious  and  convenient  methods  f 
measuring  the  velocity  of  the  wind  is  to  employ  lis  pressurk 
in  supporting  a  column  of  water,  in  the  same  way  as  Mr 
Pilot  measures  the  velocity  of  a  current  of  water.  We 
believe  that  it  was  first  proposed  by  Dr  James  Lynd  of 
Windsor,  a  gentleman  eminent  for  his  great  knowledge  in 
all  the  branches  of  natural  science,  and  for  his  ingenuity 
in  every  matter  of  e^perimeut  or  practical  application. 

His  Anemometer  (as  these  instruments  are  called)  coo..; 
ststs  of  ft  glass  tube  of  the  form  ABCD  (Fig.  84.)  open  at 
both  ends*,  and  Iia\ing  the  branch  AB  at  right  angles  to 
ihe  branch  CI).  This  tube  contains  a  few  inches  of  water 
ta  any  fluid  (the  lighter  the  Ijetter) ;  it  is  held  with  the 
part  CD  upright,  and  AB  horizontal  and  in  the  direction  of 
the  wind ;  that  is,   with   the  month  A  fronting  the  wind. 
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The  wind  acts  in  the  way  of  preasiue  on  the  m  m  AS, 
compresses  it,  and  cau8€|S  it  to  prefix  <m  the  siorfiEMe  of  the 
jUqucpr;  fonapog  it  down  to  F^  iirUil^  it  inseii  loSia  the 
other  leg.  The  velocity  of  the  wind  ig-  copctod^ftom  the 
difference  £^between  the  heights  of  the  hquor  in^tbe  kgs. 
Ab  the  wind  does  not  generally  blaw  with  unilantt  Tek^ 
CKty,  th^  liquor  is  apt  to  danoe  id  the  Uibe»  and  ren* 
^r  the.  observation  difficult  and  uncertain :  to  vensedy  this, 
itt  is  piiPper  to  contract  very  much  the  eoQaaMinicatian  at  C 
between  the  two  legs.  If  the  tube  haa  half  a»  indi  of 
diameter  (and  it  should  not  have  less),  a  bole  of  j-5  of  an 
inch  is  large  enough ;  indeed  the  hole  can  hardly  be  too 
small,  nor  the  tubes  too  large. 

This  instrument  is  extremely  ingenious,  and  will  un- 
doubtedly give  the  proportions  of  the  velocities  of  different 
currents  with  the  greatest  preciaon ;  for  in  whatever  way 
the  pressure  of  wind  is  produced  by  its  inotian,  we  are  cer- 
tain that  the  different  pressiu'es  are  as  the  squares  of  the 
velocities :  if,  therefore,  we  can  obtain  one  certain  measure 
of  the  velocity  of  the  wind,  and  observe  the  degree  to  which 
the  pressure  produced  by  it  r^ses  the  hquor,  we  can  at  all 
other  times  observe  the  pressures  and  compute  the  velocities 
from  them,  making  proper  allowances  for  the  temperature 
and  the  height  of  the  mercury  in  the  barometer;  because  the 
velocity  will  be  in  the  subduplicate  ratio  of  the  density  of 
the  lur  inversely  when  the  pressure  is  the  same. 

It  is  usually  concluded,  that  the  velocity  of  the  unnd  is 
that  which  would  be  acquired  by  falling  from  a  hdgfat 
which  is  to  E/*as  the  weight  of  water  is  to  that  of  aB  equal 
bulk  of  air.  Thus,  supposing  air  to  be  840  times  ligliter 
than  water,  and  that  E/is  /jj  of  an  mch,  the  velodty  will 
be  about  03  feet^^r  second,  which  is  that  of  a  very  hard 
gale,  approaching  to  a  storm.  Hence  we  see  by  the  bye, 
that  the  scale  of  this  instrument  is  extremely  short,  and 
that  it  would  be  a  great  improvement  of  it  to  make  the  1^ 
6D  not  perpendicular,  but  very  mUch  sloping ;  or  perhaps 
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gfbnn  of  the  instrument  will  give  it  nil  theper^ 
fec&n  of  whicli  it  is  rnpalite.     Let  the  liorizontd  brancfi  ' 
AB  (Fig.  85.)  be  cxintracted  iit  B,  and  continued  liorizun-   ' 
tally  for  several  inches  BG  of  n  much  smnllcr  bore,  and 
(hen  turned  down  for  two  or  three  inches  GC.  and  theil 
upwards  with  a  wide  bore.   To  use  the  instrument,  hold  it 
with  the  part  DC  perpendicular ;  and  (having  sheltered 
the  mouth  A  from  the  wind)  pour  in  water  at  D  till  it  adi 
vances  along  GB  to  the  point  B,  which  is  made  the  begitii.  ^ 
ning  of  the  scale ;  the  water  in  the  upright  branch  stand- 
ing atyin  the  same  horizontal  line  with  BG.     Now,  lurtt 
the  moutii  A  to  the  wind ;  the  air  in  AB  will  be  compress  ^ 
cd,  and  will  force  the  water  along  BG  to  F,  and  cause  it »  ^ 
rise  from^/to  E  ;  and  the  rangeyE  will  be  to  the  rangtf  ' 
BF  on  the  scale  as  ihe  section  of  the  lube  BG  to  that  of  ^ 
CD.     Thus,  if  the  width  of  DC  be  i  an  inch,  and  that  of  * 
BG  t'q,  wc  shall  have  S5  inches  in  the  scale  for  one  inch  oF 
real  pressure  EJ". 

But  it  has  not  been  demonstrated  in  a  very  satisfaclurjf  ' 
manner,  that  the  velocity  of  the  wind  is  that  acquired  I^  * 
falling  through  the  height  of  a  column  of  uir  whose  weight  * 
is  e({ual  to  that  of  the  column  of  water  E/.     Experiment*  ' 
made  with  Pilot's  lube  in  currents  of  water  show  that  se- 
veral  corrections  are  necessary  for  concluding  the  velocity 
of  the  current  from  the  elevations  in  tlic  tube:  these  cor-  ' 
recljons  may  however  be  made,  itud  safdy  applied  to  thff  * 
present  case;  and  then  the  instrument  will  enable  us  Id  ' 
conclude  the  velocity  of  the  wind  immediately,  without  any 
fundamental  comparison  of  the  elevation,  with  a  veloci^  ' 
actually  determined  upon  other  princiiild.     The  chief  usi'  ' 
which  we  have  for  this  information  is  in  our  employment^'  1 
of  wind  as  an  impelling  power,  by  which  we  can  actuate 
miKhinery  or  navigate  ships.     These  arc  very  important'  1 
applications  of  pneumatical  doctrines,  and  merit  a  particu-   ' 
lar  con sidern lion  ;  and  this  nutiirally  brings  ws  to  the  (as(^^ 
fmsi  ot  our  subject,  viz.  the  consideration  of  tlie  impulse 
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air  cm  bodies  exposed  to  its  action,  and  the  resistaiice.  wludi 
it  opposes  to  the  passage  of  bodies  through  it. 
,  This  is  a  subject  of  the  greatest  importance ;  bmg  the 
foundation  of  that  art  which  h|U(  done  the  greatest  honour 
to  the  ingenuity  of  man,  and  the  greatest  service  to  human 
sodety,  by  connecting  together  the  most  distant  inbaln- 
tants  of  this  globe,  and  making  a  oommunicatiim  of  bene- 
fits which  would  otherwise  have  been  impossible ;  we  mean 
the  art  of  Navigation  or  Seamanship.     Of  all  the  madnnes 
which  human  art  has  constructed,  a  ship  is  not  only  the 
greatest  and  most  magnificent,  but  also  the  most  ingepious 
and  intricate ;  and  the  clever  seaman  possesses  a  knowledge 
founded  on  the  most  difficult  and  abstruse  doctrines  of  me> 
chanics.     The  seaman  probably  cannot  give  any  account 
of  his  own  sdence;  and  he  possesses  it  rather  by  a  kind  of 
intuition  than  by  any  process  of  reasoning :  but  the  sue* 
cess  and  efficacy  of  all  the  mechanism  of  this  complicated 
en^ne,  and  the  propriety  of  all  the  manoeuvres  which  the 
seaman  practises,  depend  on  the  invariable  laws  of  me- 
chanics ;  and  a  thorough  knowledge  of  these  would  enable 
an  intelligent  person  not  only  to  understand  the  machine 
and  the  manner  of  working  it,  but  to  improve'both. 

Unfortunately  this  is  a  subject  of  very  great  difficulty ; 
and  although  it  has  employed  the  genius  of  Newton,  and 
he  has  considered  it  with  great  care,  and  his  followers  have 
added  more  to  his  labours  on  this  subject  than  on  any  other^ 
it  still  remuns  in  a  very  imperfect  state. 

A  minute  discussion  of  tRis  subject  cannot  therefore  be 
expected  in  a  work  like  this;  we  must  content  ourselves 
with  such  a  general  statement  of  the  most  approved  doc« 
trine  on  the  subject  as  shall  enable  our  readers  to  conceive 
it  distinctly,  and  judge  with  intelligence  and  confidence  of 
the  practical  deductions  which  may  be  made  from  it. 

It  is  evidently  a  branch  of  the  general  theory  of  the  im- 
pulse  and  resistance  of  fluids,  which  should  have  been 
treated  of  under  the  article  Hyjprauucs,  but  was  then  dw 
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ferred  ttU  the  raocliaiiical  propcrtii-s  of  cumprcsslblc  Hiiid^ 
should  also  be  considered.  I(  was  thought  very  reason- 
able to  suppose  (hat  tlic  circumstances  of  elasticity  would 
introduce  the  same  clianges  in  the  impulse  and  resistance 
of  fluids  that  it  docs  in  solid  bodies.  It  would  greatly  di. 
vert  the  attention  from  the  distinctive  properties  of  air,  if 
we  should  in  tliis  place  enter  on  this  subject,  which  is  both 
extenuve  and  ditticult.  Wc  reckon  it  better  therefore  to 
take  the  whole  tugellier :  this  we  shall  do  under  the  article 
Resistance  of  Fluids,  and  confine  ourselves  at  present 
to  what  relates  to  the  impulse  and  resistance  of  air  alone; 
anticipating  a  few  of  the  general  projiositions  of  tJiat 
theory,  but  without  demonstration,  in  order  to  understand 
the  applications  which  may  be  made  of  it. 

Suppose  then  a  plane  surface,  of  which  a  C  (Fig.  86.) 
•is  the  section,  exposed  to  the  action  of  a  stream  of  wind 
blowing  in  the  direction  QC,  perpendicular  to  a  C.  The 
motion  of  die  wind  will  be  obstructed,  and  the  surface 
a  C  pressed  forward.  And  as  all  impulse  or  pressure  is 
exerted  in  a  direction  pcrpendiculoi*  to  the  surface,  and  is 
resisted  in  the  opposite  direction,  the  surface  will  be  im- 
pelled in  the  direction  CD,  the  continuation  of  QC.  And 
as  the  mutual  actions  of  bodies  depend  on  their  relative 
motions,  the  force  acting  on  the  surface  a  C  will  be  the 
same,  if  we  shnll  suppose  the  air  at  rest,  and  the  surface 
moving  equally  swift  in  the  oppoatc  direction.  The  re- 
sistance of  the  air  to  the  motion  of  the  body  will  be  equal 
to  the  impulse  of  the  air  in  the  former  case.  Thus  reust- 
anoe  and  impulse  are  equal  and  contrary. 

If  the  air  be  moving  twice  as  fast,  its  particles  will  give 
a  double  impulse ;  but  in  this  ca»c  a  double  number  of 
particlc«  will  exert  their  impulse  in  tlie  «imv  time :  the 
impulse  will  therelurc  be  fourtbid,  and  in  general  it  will 
be  OS  tlie  square  of  the  velocity :  or  if  the  air  and  body  be 
both  iu  motion,  the  impulse  and  reustancc  will  be  propor> 
tionid  to  the  square  of  llic  relative  velocity. 

it  proposition  on  the  subject,  and  it  appean 
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very  oonsonant  to  reason.  There  will  therefore  be 
analogy  between  the  force  of  the  air*8  impulse  or  the  fe- 
sistance  of  a  body,  and  the  weight  of  a  coliiimi  of  air  in* 
cumbent  on  the  surface :  for  it  is  a  princ^e  in  the  action 
of  fluids,  that  the  heights  of  the  columns  of  fluid  ave  «s  the 
squares  of  the  velocities  which  their  pressures  produce. 
Accordingly  the  second  proposition  is,  that  the  jdMoluts 
impulse  of  a  stream  of  air,  blowing  perpendicularly  on  wof 
surface,  is  equal  to  the  weight  of  a  column  of  air  wluch  has 
that  surface  for  its  base,  and  for  its  height  the  space 
through  which  a  body  must  fall  in  order  to  aoquire  the  ve- 
lodty  of  the  air. 

Thirdly,  Suppose  the  surface  AC  equal  to  a  C  no  ImigMr 
to  be  perpendicular  to  the  stream  of  mr,  but  inclined  to  it 
in  the  angle  ACD,  which  we  sbaU  call  the  Of^nb  qfimeif 
dince ;  then,  by  the  resolution  of  fiMfces,  it  fbUosia,  that* 
the  action  <^  each  purticle  is  diQiinished  in  the  ptopogtiBa 
of  radius  to  the  sine  of  the  angle  of  incidence,  or  of  ACS 
to  AL,  AL  being  perpendicular  to  CD. 

Again :  Draw  AK  parallel  to  CD.  It  is  plain  that  no 
mr  lying  farther  from  CD  than  E A  is  will  strike  the  plane. 
The  quantity  of  impulse  therefore  is  diminished  still  fiw* 
ther  in  the  proportion  of  a  C  to  EC,  or  of  AC  to  AL« 
Therefore,  on  the  whole,  the  absolute  impulse  is  diminislu 
ed  in  the  proportion  of  AC'  to  AL^ ;  hence  the  proqpoiK 
ti(Hi,  that  the  impulse  and  resistance  of  a  given  surface  ave 
in  the  proportion  of  the  square  of  the  sine  of  the  angle  of 
incidence. 

Fourthly,  This  impulse  is  in  the  direct^  PL,  parpen* 
(Ucular  to  the  impelled  surface,  and  the  surface  tenda  to 
move  in  this  direction  :  but  suppose  it  moveable  only  in 
some  other  direction  PO,  or  that  it  is  in  the  direction  PQ. 
that  we  wish  to  employ  this  impulse,  its  action  is  tho^fbie 
oblique  ;  and  if  we  wish  to  know  the  intensity  of  the  inw 
pulse  in  this  direction,  it  must  be  diminished  still  fiurtbep 
in  the  proportion  of  radius  to  the  cos'mc  of  t))e  angle  LPO 

1 


B  of  CPO.     Hence  the  general  \ 
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:  The 


1  proposition : 
rffixAvf-  impulve  in  tu  iftt  surface,  M  the  square  (^ll 
locihf  oftht  wind,  as  the  square  of  the  tnne  t^the  angle  <^  1 
mmilmct,  and  as  the  sine  t^obll^iify  jointly,  whicliwe.^ 
may  express  by  ihe  symbol  R  =  S.  V.  Bin*.  I.  n'n.  0 ;  mA- 
u  the  impulse  depeotls  OD  the  density  of  the  impelliag   I 
duid,  we  may  take  in  every  circumstance  by  the  eqitationi   • 
R  =  S-D-V*.  sin.  »I-  sin.  O.     If  the  impulsfe  be  estimated 
in  the  direction  of  the  stream,  the  angle  of  obliquity  ACD 
is  the  Bame  with  the  angle  of  inci<lence,  and  the  impulse  ia  ' 
tfaii  direclifHi  is  as  the  surface,    as  the  square  of  the  \e\<i* 
nty,  and  as  the  cube  of  the  angle  of  incidence  jinntly. 

It  evidently  follows  from  these  premises,  that  if  ACA'  be  j 
a  wedge,  of  which  tlie  base  AA'  is  perpendicular  to  tha  i 
wind,  and  the  angle  ACA'  bisected  by  its  direction,  the  | 
direct  or  perpendicular  impulse  on  the  base  is  to  the  obhqutf  I 
impulse  on  the  sides  as  radius  to  the  square  of  the  sine  of  | 
Imlf  the  angle  ACA'.  '  i 

The  snme  most  be  affirmed  of  a  pyramid  or  cone  ACA'*' 
of  which  the  axis  is  in  the  direction  of  ihc  wind. 

If  ACA'  {Fig.  87.)  represent  the  section  of  a  solid  pro-'  , 
duced  by  the  revolution  of  a  curve  line  APC  round  the' 
axis  CD,  which  lies  in  Ihe  direction  of  the  wind,  the  im 
pulse  on  this  body  may  be  compared  with  the  direct  im 
pulse  on  it£  base,  or  the  resistance  to  the  motion  of  thii^  1 
body  through  the  air  may  be  compared  with  the  direct  re. 
sistance  of  its  base,  by  resolving  its  surface  into  eleraentary  J 
plaws  Pfr,  which  are  ooincident  with  a  tangent  plane  PR,  . 
and  comparing  the  impulse  on  Pp  with  the  direct  impuber  ] 
on  the  eorresponding  part  K  it  of  the  base. 

I Li  this  way  it  follows  that  the  impulse  on  n  sphere  i#  1 

^^^HpUlif  of  thr  impulse  on  its  great  circle,  or  on  the  base   , 

^^^Hlsylinder  of  equal  thameier. 

^^^^VK  '^hall  conclade  this  sketch  of  the  doctrine  with  a  ver^  J 
important  pi'oposition  to  tictcrminc  ihe  tnoal  advantageoutf  1 
{■OHtluii  of  a  plane  surface,  when  required  to  mow;  ii 
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direction  while  It  is  impelled  by  the  wind  blowing  ia  a  dif- 
ferent direction.     Thus, 

Let  AB  (Fig.  88.)  be  the  sail  of  a  ship,  C  A  the  direc- 
tion in  which  the  wind  blows,  and  AD  the  line  of  the 
ship's  course.  It  is  required  to  place  the  yard  AC  in  such 
a  position  that  the  impulse  of  the  wind  upon  the  sail  may 
have  the  greatest  effect  possible  in  impelling  the  ship  along 
AD. 

Let  AB,  A  6,  be  two  positions  of  the  sail  very  near  the 
best  position,  but  on  opposite  sides  of  it.  Draw  BE,  bi 
perpendicular  to  CA,  and  BF,  b^y  perpendicular  to  AD, 
calling  AB  radius ;  it  is  evident  that  BE,  BF,  are  the  sines 
of  impulse  and  obliquity,  and  that  the  effective  impulse  is 
BE' X  BF,  otb^^bf.    This  must  be  a  maximum. 

Let  the  points  B,  6,  continually  approach  and  ulrimatdy 
coincide ;  the  chord  b  B  will  ultimately  ooindde  with  a 
straight  line  CBD  touching  the  .drcle  in  B ;  the  triangles 
CBE,  c  &  ^  are  similar,  as  also  the  triangles  DBF,  D  bf: 
therefore  BE'  :  6e*  =  BC» :  6  <?,  and  BF  :  6/=BD :  6D; 
andBE'xBF:6^x6/=CB'xBD:c6'x6D.  Thoe- 
fore  when  AB  is  in  the  best  position,  so  that  BE'  x  BF  is 
greater  than  bt^x  bj\  we  shall  have  CB  x  BD  greater  than 
Cl^^bDy  or  c  B'  X  BD  is  also  a  maximum.  This  we 
know  to  be  the  case  when  CB  =  2  BD ;  therefcnre  the  sail 
must  be  so  placed  that  the  tangent  of  the  angle  of  ind- 
dence  shall  be  double  of  the  tangent  of  the  angle  of  the  sail 
and  keel. 

In  a  common  wind-mill  the  angle  CAD  is  necessarily  a 
right  angle ;  for  the  sail  moves  in  a  circle  to  which  the 
wind  is  perpendicular :  therefore  the  best  angle  of  the  sail 
and  axle  will  be  54*^.44^  nearly. 

Such  is  the  theory  of  the  resistance  and  impulse  of  the 
air.  It  is  extremely  simple  and  of  easy  appUcadon.  In 
all  physical  theories  there  are  assumptions  which  depend  on 
other  principles,  and  those  on  the  judgment  of  the  natu- 
ralist ;  so  that  it  is  always  proper  to  confront  the  theory 
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iriment.    There  are  even  circumstances  in  tlie 
present  case  which  have  not  been  attended  to  in  the  theory. 

IiVVhen  a  stream  of  air  is  obstructed  by  a  solid  body,  or  when 
IP  solid  body  moves  along  in  air,  llie  air  is  condensed  before 
jit  and  rarefied  behind.     There  is  therefore  a  pressure  on 

I  the  anterior  parts  arising  from  this  want  of  etjuilibnum  in 
jhe  elasticity  of  the  air.  This  must  he  superadded  to  the 
force  arising  from  the  impetus  or  inertia  of  the  air.     We 

[cannot  tell  with  precision  what  may  be  the  amount  of  this 

|iCondensation  ;  it  depends  on   the  velocity  with  which  any 

j'eondcnsation  diffuses  itself. 

1     Also,  if  tlie  motion  be  so  rapid  that  the  pressure  of  the 

'^atmosphere  cannot  make  the  air  immediately  occupy  the 

'  jtlace  quitted  by  the  body,  it  will  sustain  this  pressure  on 

I  its  forepart  to  be  added  to  the  other  tbrces, 

Bxperiments  on  this  subject  are  by  no  means  numerous ; 
at  least  such  experiments  as  can  be  depended  on  fur  the 
foundation  of  any  practical  application.  The  first  that 
liave  this  character  are  those  published  by  Mr  Rubius,  in 
174Si  in  his  Treatise  on  Gunnery.  They  were  repeated 
with  some  additions  by  the  Chevalier  Borda,  and  some  ac- 

Tcount  of  them  published  in  the  Memoirs  of  the  Academy 
f>f  Sciences  in  17t>3.  lu  the  riiilosuphical  Transactions  of 
the  Royal  Society  of  London,  vol.  LXXIII.  there  are 
some  experiments  of  the  same  kind  on  a  larger  scale  by  Mr 
'Edgeworth.  These  were  all  made  in  the  way  described 
in  our  account  of  Mr  Robins's  improvements  in  gunnery. 
Bodies  were  made  to  move  with  determined  velocities,  and 
the  resistances  were  measured  by  wdghls. 

In  all  these  experiments  the  resimances  were  found  very 
exactly  in  ihe  proportion  of  the  squares  of  the  velocities  ; 
but  they  were  found  considerably  greater  than  the  weight 
of  the  column  of  uir,  whose  height  would  produce  the  ve- 
locity in  a  falling  body.  Mr  Robins's  experiments  on  a 
square  of  16  inches,  describing  !£5,4  feet  per  second,  indi- 
cate the  renstance  to  be  to  this  weight  nearly  as  -t  to  3. 
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Borda^s  etperitnenls  on  the  s^me  surface  state  the  cUflpro- 
portion  still  greater. 

The  resistances  are  found  not  to  be  in  the  proportibD  of 
the  sur&ces,  but  increase  considerablj  faster.*  Surfaces  tt 
9, 16,  36,  and  61  inches,  moTing  with  one  relocitj,  had 
resistances  in  the  proportion  of  9$  17^9  4S},  and  104f. 

Now  as  this  deviation  from  the  proportion  of  Ae  Mir- 
faces  increases  with  great  regularity,  it  is  most  probsble 
that  it  continues  to  increase  in  surfaces  of  still  greater  ex- 
tent ;  and  these  are  the  most  generally  to  be  met  with  in 
practice  in  the  action  of  wind  on  ships  and  mills. 

Borda'^s  experiments  on  81  inches  show  that  the  inlpobe 
of  wind  moving  one  foot  per  second  is  about  j\jf  erf*  a 
pound  on  a  square  foot  Therefore  to  find  the  impulse  at 
a  foot  corresponding  to  any  velocity,  divide  the  ^ute  ef 
the  velocity  by  600,  and  we  obtain  the  impulse  in  pounds. 
Mr  Rouse  of  Leicestershire  made  many  experiments,  whiA 
are  mentioned  with  great  approbation  by  Mr  Smeaton. 
His  great  sagadty  and  experience  in  the  erection  of  wind* 
mills  oblige  us  to  pay  a  considerable  deference  to  his  ju(]^- 
ment.  These  experiments  confirm  our  opinion,  that  the 
impulses  increase  faster  than  the  surfaces.  The  following 
table  was  calculated  from  Mr  Rouse^s  observadons,  and 
may  be  considered  as  pretty  near  the  truth. 


Vdodty 

Impulse  on  a 
Foot  in  PoondaL 

vdodty 
in  Feet. 

Po«taFW«d«. 

0 

0,000 

80 

14^638 

10 

0,239 

90 

18,586 

20 

0,915 

100 

28,87S 

SO 

2,0S9 

110 

«7,675 

40 

3,660 

120 

38,926 

50 

6,718 

ISO 

88,654 

60 

8,234 

140 

44^830 

70 

11,207 

150 

51,46S 

If  we  multiply  the  square  of  the  velocity  in  feet  by  16^ 
the  product  will  be  the  impulse  or  resistance  on  a  square 
foot  in  grains,  according  to  Mr  Rouse^s  numbers. 
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The  greatefit  devistion  I'rom  ihc  theory  occun  in  the  , 
oblique  impulses.  Mr  Robins  cumparetl  tlie  resiataRce  of 
a  wedfi^,  whose  snglo  was  90",  with  the  resistance  of  its 
base ;  and  instead  of  finding  it  less  in  the  proportion  ot 
VT  to  ],  as  determined  by  the  dieory,  he  found  it  greater 
in  the  pro])ortii>n  of  55  to  C8  nearly  ;  and  when  lie  formed 
the  body  into  a  pyminid,  uf  which  llic  sidea  had  tha  nine 
mrfkce  and  the  same  inclination  as  tlie  sides  of  the  wedge, 
the  re^atuiite  of  the  base  and  &cg  were  tiow  as  55  to  '.i9 
nearly  :  ao  that  here  tlie  same  surface-  with  (he  same  ineli' 
naXioa  had  its  resistance  reduced  from  6S  to  39  by  bniig 
put  into  this  i'uTui.  Similar  deviations  occur  in  the  exp«fc 
rimentsof  the  Chcvnticr  Borda;  and  it  may  be  cotlectetl 
from  both,  that  die  resistances  diminish  more  nearly  in  lh« 
propoi'tiun  of  the  sines  uf  incidence  than  in  the  proportion 
of  the  squraes  of  those  sines. 

The  irregularity  in  tlie  resistance  of  curved  surtiKea  is 
as  gtvat  as  in  plane  surfaces.  In  general,  llic  dieory  gives 
the  obhque  impulses  on  plane  surfaces  niucli  too  small,  and 
the  impulses  on  curved  surfoi^es  too  great.  The  resisUuice 
of  a  sphere  does  not  exceed  the  (t>urth  pail  of  Uie  resist- 
aooe  of  its  great  circle,  instead  of  being  its  half  i  hut  tlie 
Anomaly  is  such  as  li>  leave  luudly  any  room  for  calcula- 
tioD.  It  would  be  very  desirable  to  have  the  cxpcrimenU 
fHi  tlus  subject  repeated  in  a  greater  variety  of  coses,  and 
oa  larger  surfaces,  so  ihot  the  errors  of  the  oxpcriincnta 
mhy  be  of  less  conscqucntc.  Till  this  matter  be.reduccd 
to  some  rule^  the  art  of  working  aliips  must  remain  very 
imperfect,  as  must  also  the  cooatructioti  of  wind-mills. 

The  cose  in  which  wc  ore  most  inlereslcd  in  the  know- 
ledge of  tlie  resistance  of  the  air  is  the  motion  of  bullets 
nud  ahells.  Writers  on  artillery  have  long  been  sensihloi 
of  the  great  eilect  uf  the  air's  resistance.  It  seems  to  have 
been  this  consideration  that  chiefly  engaged  Sir  Isnnc  New- 
tan  to  consider  the  motions  of  bodies  in  a  rcuating  medium. 
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A  proposition  or  two  would  have  sufficed  for  showing  the 
incompatibility  of  the  planetary  motions  with  the  suppos- 
tion  that  the  celestial  spaces  were  filled  with  a  fluid  matter; 
but  he  has  with  great  solicitude  oonndered  the  motion  of  a 
body  projected  on  the  surface  of  the  earth,  and  its  devia- 
tion from  the  parabolic  track  assigned  by  Galileo.  He  bis 
bestowed  more  pains  on  this  problem  than  any  other  in  lus 
whole  work ;  and  his  investigation  has  pointed  out  almost 
all  the  improvements  which  have  been  made  in  the  appK- 
cation  of  mathematical  knowledge  to  the  study  of  nature. 
Nowhere  does  his  sagacity  and  fertility  of  resource  BfipeKt 
in  so  strong  a  light  as  in  the  second  book  of  the  Ptindpia^ 
which  is  almost  wholly  occupied  by  this  problem.  The 
celebrated  mathematician  John  Bemouilli  engaged  in  it  as 
the  finest  opportunity  of  displaying  his  superiority.  A 
mistake  committed  by  Newton  in  his  attempt  to  a  solution 
was  matter  of  triumph  to  him ;  and  the  whcde  of  his  per- 
formance, though  a  piece  of  el^ant  and  elaborate  geome- 
try, is  greatly  hurt  by  his  continually  bringing  this  mis- 
take (which  is  a  mere  trifle)  into  view.  The  difficulty  of 
the  subject  is  so  great,  that  subsequent  mathematidans 
seem  to  have  kept  aloof  from  it ;  and  it  has  been  entirely 
overlooked  by^  the  many  voluminous  writers  who  have 
treated  professedly  on  military  projectiles.  They  have 
spoken  indeed  of  the  resistance  of  the  air  as  affecUng  the 
flight  of  shot,  but  have  saved  themselves  from  the  task  of 
investigating  this  efiect  (a  task  to  which  they  were  unequal), 
by  supposing  that  it  was  not  so  great  as  to  render  their 
theories  and  practical  deductions  very  erroneous.  Mr 
Robins  was  the  first  who  seriously  examined  the  subject. 
He  showed,  that  even  the  Newtonian  theory  (which  had 
been  corrected,  but  not  in  the  smallest  degree  improved 
or  extended  in  its  principles)  was  sufficient  to  show  that 
the  path  of  a  cannon-ball  could  not  resemble  a  parabola. 
Even  this  theory  showed  that  the  resistance  was  more  than 
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»  the  weight  of  tlie  ball,  and  sliould  produce 
greater  deviation  from  the  parnboln  llian  the  parabola  dc-  , 
vialed  from  a  straight  line. 

This  simple  but  singular  observation  was  a  strong  proof 
how  faulty  the  professed  writers  on  artillery  had  been,  in 
lather  amusing  themselves  with  elegnnl  but  useless  appli- 
caUoRs  of  easy  geometry,  than  in  endeavouring  to  give 
their  readers  any  useful  information.  He  added,  that  the 
diflerencc  between  the  ranges  by  the  Newtonian  theory  and 
by  experiment  were  so  great,  that  the  resistance  of  the  air 
matt  be  vastly  superior  to  what  that  theory  supposed.  It 
was  ibis  which  suggested  to  him  the  necessity  of  experi- 
ments lo  ascertain  this  point.  We  iiave  seen  ihe  result  of 
these  experiments  in  moderate  velocities;  and  that  they 
were  sufficient  for  calling  the  whole  theory  in  question,  or  at 
least  for  rendering  it  useless.  It  became  necessary  therefore 
to  settle  every  point  by  means  of  a  direct  experiment.  Here 
was  a  great  difficulty.  How  shall  we  measure  either  these 
great  velocities  which  are  observed  in  the  motions  of  can- 
non-sliot,  or  the  resistances  which  these  enormous  veloci- 
ties occasion  7  Mr  Robins  had  the  ingenuity  to  do  both. 
The  method  which  he  took  for  measuring  the  velocity  of » 
mu^ket-ball  was  quite  original ;  and  it  was  susceptible  of'  ' 
great  accuracy.  We  have  already  given  some  account 
of  it  in  vol.  i.  p.  194,  Having  gained  this  point,  the 
other  was  not  difficult.  In  the  moderate  velocities  he 
had  determined  the  resistances  by  the  forces  which  balanced 
them,  tile  weights  which  kept  the  resisted  body  in  a  state 
of  uniform  motion.  In  the  great  velocities,  be  proposed  U> 
determine  the  resistances  by  their  immediate  ettects,  by 
the  retardations  wliich  they  occasioned.  This  was  to  l»e 
done  by  first  ascertaining  the  vehwity  of  llie  hall,  and  then 
measuring  its  velocity  ailer  it  had  passed  through  a  cer- 
tain quantity  of  air.  The  difference  of  these  velocities  is 
the  retardation,  and  the  projier  measure  pf  the  resistance ; 
for,  by  the  initial  and  final  velocilies  of  the  ball,  we  learn 
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the  tkme  whicb  was  employed  in  paanng  thn>a|^  thitifar 
with  the  wiedimn  velocity.  In  this  time  tfa0  «b^  mit- 
anoe  diminished  the  velocity  by  a  oertaiik  quanti^.  Cois- 
pare  this  with  the  velocity  wiuch  a  body  piuymted  Arectly 
upwards  would  lose  in  the  same  time  by  the  resktanee  cf 
gravity.  The  two  fiurces  must  be  in  the  proportion  of  their 
effects.  Thus  we  kam  the  propartioD  of  tbe  renstaMe  of 
the  air  to  the  weight  of  the  balL  It  b  indeed  true,  tfiot 
Ihe  time  of  passing  through  this  space  is  not  Axmntdy  had 
by  taking  the  arithmetical  medium  of  the  initial  and  final 
velocities,  nor  does  the  resbtance  deduced  from  tlm  caleu- 
lation  accurately  correspond  to  this  mean  velocity;  but 
both  may  be  accurately  fitmnd  by  the  experimeat  by  a  very 
troublesome  computation,  as  is  shown  in  the  5th  and  6th 
propositions  of  the  seccMid  book  of  Newton^s  PrimcipiM, 
The  diferenoe  between  the  quantities  thus  fcamd  and  tlMae 
deduced  from  the  umpie  process  is  quite  triffingv  >&d  ftr 
within  the  limits  of  acctuacy  attainable  in  experiments  of 
this  kind ;  it  may  therefore  be  safely  neglectedL 

Mr  Robins  made  many  experiments  on  this  subject ;  but 
unfortunately  he  has  publishied  only  a  very  few,  such  as 
were  sufficient  for  ascertaining  the  point  he  had  in  view. 
He  intended  a  regular  work  on  the  subject,  in  which  the 
gradual  variations  of  resistance  corresponding  to  different 
velocities  should  all  be  determined  by  experiment :  but  he 
was  then  newly  engaged  in  an  important  and  laborious em« 
j^yment,  as  chief  engineer  to  the  East  India  Compaivy, 
in  whose  service  he  went  out  to  India,  where  he  died  in 
less  than  two  years.  It  is  to  be  regretted  that  no  person 
has  prosecuted  these  experiments.  It  would  be  neither  la- 
borious nor  difficult,  and  would  add  more  to  the  improve- 
ment of  artillery  than  any  thing  thiat  has  been  done  mce 
Mr  Rolnns's  death,  if  we  except  the  prosecution  of  his  ex- 
periments on  the  initial  velocities  of  cannon-shot  by  Dr 
Charles  Hutton,  royal  professor  at  the  Woolwich  Acade- 
my.    It  is  to  be  hoped  that  this  gentleman,  after  having 


VNKUMATICS. 


ni 


h  Buch  effect  and  success  extended  Mr  Hobins's  experi* 
ments  on  the  initial  velocities  of  musket- shot  to  cannon, 
will  take  up  this  other  subject,  and  thus  give  the  art  of  ar* 
tUlery  all  ihe  scieniiHc  foundations  which  it  can  receive  lo 
ttra  present  state  of  our  mathematical  knowledge.  Till 
then  we  must  content  ourselves  with  the  practical  ruleS' 
which  Robins  has  deduced  from  his  own  experiments.  As 
be  has  not  given  us  the  mode  of  deduction,  we  must  coffl> 
pare  the  results  with  experiments.  He  has  indeed  givea 
a  very  extensive  comparison  with  the  numerous  experiments 
made  both  in  Britain  and  on  the  continent ;  and  the  agree- 
ment is  very  great.  His  learned  commentator  Euler  has 
been  at  no  pains  to  investigate  these  rules,  and  has  employ- 
ed himself  chiefly  in  detecting  errors,  most  of  which  are 
supposed,  because  he  takes  for  a  tinislied  work  what  Mr  ' 
Robins  only  gives  to  ihe  public  as  a  ha^ty  but  useful  sketch 
of  a  new  and  very  difficult  branch  of  science. 

The  general  result  of  Robiass  experiments  on  the  re- 
tardation of  musket. shot  is,  that  although  in  moderate  va- 
locities,  the  resistance  is  so  nearly  in  the  duplicate  prc^r- 
tion  of  the  velocities  that  we  cannot  observe  any  deviation, 
yet  in  velocities  exceeding  200  feet  per  second  the  retard- 
ations increase  faster,  and  the  deviation  from  this  rate  in- 
creases rapidly  with  the  velocity.  He  ascribes  this  to  the 
causes  alivady  mentioned,  viz.  the  condensation  of  the  air 
before  the  ball  and  to  the  rarefacbon  behind,  in  consequence 
of  the  air  nut  immediately  occupying  the  space  left  by  the 
bullet.  This  increase  is  so  great,  that  if  the  resistance  to 
a  ball  moving  with  the  velocity  of  1700  feet  in  a  second  be 
computed  on  the  8uppo»tiun  that  the  resistance  observed 
in  moderate  velocities  is  increased  in  Ihe  duplicate  ratio  of 
tbe  velocity,  it  wUl  be  found  hardly  one-third  part  of  its 
real  quantity.  He  found,  for  instance,  that  a  bull  moving 
through  1070  feet  in  a  second  lost  about  125  feet  per 
lecood  of  its  velocity  in  passing  through  50  feet  of  air. 

Vol.  III.  S  Z 
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This  It  must  lunre  done  in  the  ^^  of  a*  aeooad,  in  wlikii 
time  it  would  have  lost  one  foot  if  prcgected  directly  up* 
wards ;  ftam  whidi  it  appears  that  the  resistance  wasabovt 
1S5  times  its  weight,  and  mixre  tlum  three  times  greater 
tttan  if  it  had  increased  from  the  resistance  in  small  veloct- 
ties  in  the  duplicate  ratio  o£  the  velocities.  He  relates 
other  jexperiments  which  show  similar  results. 

fiat  he  also  mentions  a  mngular  circumstance,  that  tiU 
the  Telocities  exceed  1100  feet  per  second,  the  leostanoes 
inksrease  pretty  regularly,  in  a  ratio  exce^iag  the  duplicate 
ratio  of  die  velocities ;  but  that  in  greater  velocities  the  re- 
sistances become  suddenly  triple  of  what  they  w«uld  have 
been,  even  according  to  this  law  of  increase.  He  thinks 
tUs  explicable  by  the  vacuum  which  is  then  left  behind  the 
ball,  it  being  well  known  that  air  rushes  into  a  vacuum 
with  the  velocity  of  113S  feet  per  second  nearly.  Mr  Eoi- 
ler  controverts  this  conclusion,  as  inconsistent  with  that  gra* 
dation  which  is  observed  in  all  the  operations  of  nature ; 
and  says,  that  althou^  the  vacuum  is  not  produced  in 
smaller  velocities  than  this,  the  air  behind  the  ball  must  be 
so  rare  (the  space  being  but  imperfectly  tilled),  that  the 
^essure  on  the  anterior  part  of  the  ball  must  gradually  ap- 
proximate to  that  pressure  which  an  absolute  vacuum  would 
produce ;  but  this  is  like  his  other  criticisms.  Robins  does  no 
wheiie  assert  that  this  sudden  change  of  resistance  happens 
in  the  transition  of  the  velocity  from  113S  feet  to  that  of 
1131  feet  11  inches  or  the  hke,  but  only  that  it  is  very  sud- 
den and  very  great.  It  may  be  strictly  demonstrated,  that 
such  a  change  must  happen  in  a  narrow  enough  limit  of 
velocities  to  justify  the  appellation  of  sudden :  a  similar 
&ct  may  be  observed  in  the  motion  of  a  solid  through  wa- 
ter. If  it  be  gradually  accelerated,  the  water  will  be  found 
nearly  to  fill  up  its  place,  till  the  velocity  arrives  at  a  cer- 
tain magnitude,  corresponding  to  the  immersion  of  the  bo-> 
dy  in  the  water ;  and  then  the  smallest  augmentation  of  its 


B  iranediatcly  produoes  a  void  behind  it,  into  which 
the  water  rushes  in  a  violent  manner,  and  is  dashed  into 
froth.  A  gentleman,  who  has  had  many  opportunities  for 
such  observations,  assures  us,  that  when  standing  near  the 
line  of  direction  of  a  cannon  discharging  a  ball  with  a  large 
allotment  of  powder,  so  that  tlic  initial  vdocity  certaiidjf 
exceeded  1 100  feet  per  second,  he  always  observed  a  very 
sudden  diDiinutJon  of  llie  noise  whicli  the  bullet  made  dur. 
ing  its  passage.  Although  the  ball  was  coining  towards 
him,  and  therefore  its  noise,  if  equable,  would  be  continu- 
ally  increasing,  he  obser\'ed  that  it  was  loudest  at  first. 
That  this  continued  for  a  second  or  two,  and  suddenly  di< 
mini^ed,  changing  to  a  sound  which  was  not  only  weaker, 
but  differed  in  kind,  and  gradually  increased  as  the  bullet 
approached  him.  He  said,  that  the  6rst  muse  was  like  the 
hissing  of  red-hot  iron  in  water,  and  that  the  subsequent 
Dense  rather  resembled  a  hazy  whistling.  Such  a  change 
of  sound  is  a  necessary  consequence  of  the  different  agita- 
tion of  the  air  in  the  two  cases.  We  know  also,  that  mr 
rushing  into  a  void,  as  wlien  we  break  an  exhausted  bottle, 
makes  a  report  like  a  musket. 

Mr  Bc^ns's  assertion  therefore  has  every  argument  for 
its  truth  that  the  nature  of  the  thing  will  admit.  But  we 
are  not  left  to  this  vague  reasoning  :  his  experiments  show 
us  this  diminution  of  resistance.  It  clearly  appears  from' 
ihem,  that  in  a  velocity  of  1700  feet  the  resistance  is  more 
tlian  throe  times  the  resistance  determined  by  the  theory 
whicii  he  supposes  the  common  one.  When  Uie  velocity  wa« 
1065  feet,  the  actual  resistance  was  "  of  the  theoretical; 
and  when  ihc  velocity  was  400  feet,  the  actual  resistance 
was  about  ij  of  tlte  theoretical.  That  he  assumed  a  theory 
of  rmistance  which  gave  them  all  too  small,  is  of  no  conse> 
i|uencc  in  the  present  argument. 

>fr  Kobins,  in  summmg  up  the  results  of  his  obaerva- 
tioiiB  on  this  subject,  gives  a  rule  very  easily  rcmembcnd 
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for  computing  the  renstances  to  those  very  rapid  motions. 
Let  AB  represent  the  velocity  of  1700  feet  per  seoood,  and 
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AC  any  other  velocity.  Make  BD  to  AD  as  the  ivost. 
ance  given  by  the  ordinary  theory  to  the  resistance  actually 
observed  in  the  velocity  1700 :  then  will  CD  be  to  AD  as 
the  resistance  assigned  by  the  ordinary  theory  to  the  velo- 
city AC  is  to  that  which  really  corresponds  to  it. 

To  accommodate  this  to  experiment^  recollect  that  a 
sphere  of  the  size  of  a  12«pound  iron  shot,  moving  26  feet 
in  a  second,  had  a  resistance  of  ^^  of  a  pound.  Augment 
this  in  the  ratio  of  25'  to  1700%  and  we  obtain  210  near- 
ly  for  the  theoretical  resistance  to  this  velocity ;  but  by 
comparing  its  diameter  of  4^  inches  with  |,  the  diameter 
<^the  leaden  ball,  which  had  a  resistance  of  at  least  11 
pounds  with  this  velocity,  we  conclude  that  the  12-pound 
shot  would  have  had  a  resistance  of  396  pounds :  therefore 
BD  :  AD  =  210  :  396,  and  AB  :  AD  =  186 :  396;  and 
AB  being  1700,  AD  will  be  3613. 

Let  AD  =  a,  AC  =  ^,  and  Let  R  be  the  resistance  to 
a  12-pound  iron  shot  moving  one  foot  per  second,  and  r 
the  resistance  (in  pounds)  wanted  for  the  velocity  x;  we 


ax^ 


have  r  =  R Mr  Robins^s  experiments  give  R  = 

1 
jg=jjj  very  nearly.     This  gives  R  a  =  0,263235,  which 

is   nearly   one-fourth.     Thus  our  formula  becomes  r  = 

6,263235^  .  ^  ^ir        .        . 

3013  —  ^  >  or  very  nearly   -gg^^-^--^,  falhng  short  of 

the  truth  about  ^^i\\  part.  The  simplicity  of  the  formula 
recommends  it  to  our  use,  and  when  we  increase  its  result 
g^i,,  it  is  incomparably  nearer  to  the  true  result  of  the  theo- 
ry  as  corrected  by  Mr  Robins  than  we  can  hope  that  the 
theory  is  to  the  actual  resistance.     We  can  easily  see  that 
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Mr  BobiDB'B'  correction  ia  only  a  sagacious  upprnximatioif. 
If  we  suppose  the  velocity  3()13  foel,  a  very  possible  things'] 
the  reaiHtance  by  this  foroiula  is  intinite,  which  cannot  lie,  1 
We  may  even  suppose  that  th«  resistance  giveo  hy  the  fof>  1 
mula  is  near  the  truth  only  in  such  vclodties  as  do  not  J 
greatJy  exceed  1700  feet  per  second.  No  military  prujeo-  ' 
ble  exceeds  S!200,  and  it  is  great  lolly  to  make  it  so  gres^ 
because  it  is  reduced  to  1700  almost  in  an  instant,  by  the  ! 
enormous  resistance. 

The  resistance  to  other  bails  will  be  made  by  taking  ibeoi 
in  the  duplicate  ratio  of  the  diameters. 

It  has  been  already  observed,  that  the  lirst  mallietnatt- 
cions  of  Europe  have  lately   employed  tlieniselveii  in  im- 
proving this  theory  of  the  motion  of  bodies  in  a  resisting 
medium;  but  tlicir  discussions  are  such  as  few  artillerists 
can  understand.     The  problem  can  only  be  solved  by  ap-   . 
proximabon,  and  this  by  the  quadrature  of  very  compUcai- 
ed  curves.     They  have  not  been  able  therefore  to  dedude  ] 
from  them  any  practical  rules  of  easy  application,  and  have   i 
been  obliged  to  compute  tables    suited   to  diU'erent  eases. 
Of  these  performances,  tliat  oi'  the  Chevalier  Horda,  in  ihfc  1 
Memoirs  of  the  Academy  ofSdenccs  in  1769,  seems  the   r 
best  adapted  to  military  readers,  and  the  tables  are  un^   ' 
doubtedly  of  considerable  use;  but  it  is  not  too  much  to 
aay,  tliat  the  simple  rules  of  Mr  Hobins  are  of  as  niuclt  ser- 
vice, and  are  more  easily  remembered  :  besides,  it  must  be 
observed,  tliat  the  nature  of  military  service  does  uot  give 
room  for  the  application  of  any  very  precise  rule.  The  only 
advantage  that  we  can  derive  from  a  perfect  theory  woidd  be 
an  improvement  in  the  construction  of  pieces  of  ordnance,  . 
and  a  more  judicious  appropriulton  of  certain  velocities  to 
certain  purposes.     Tlio  service  of  a  gun  or  mortar  must 
always  be  regulated  by  llie  eye. 

There  is  another  motion  of  whidi  air  and  otlier  elastic 
fluids  arc  susceptible,  viz.  an  internal   vibration  of  tliur 
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particles^  4ir  undulatioD,  by  wUch  any  estamded  portlcA  of 
•ur  18  dislribiited  into  sltemcte  parods  of  ooodeoKd  and 
nrefied  air,  wbicb  are  coDtimlaUy  ehaDging  their  condUtioii 
without  cbang^  thttr  pUces.  By  thu  change  tfaaeoa- 
denflatioD  wfascb  ia  produoed  in  one  part  of  the  asr  iagia- 
dually  tranrfcrred  along  the  mass  of  dr  to  the  greateitdii. 
tances  in  all  direction!  It  is  of  inyortance  to  have  wame 
distinct  oonoeptbn  of  thia  diction.  It  is  found,  to  be  by 
this  means  that  distant  bodies  produce  in  ua  the  aeosatkn 
of  sound.  Sir  Isaac  Newton  treated  tins  aulgect  with  his 
accustomed  ingenuity,  and  has  given  us  a  theory  of  it  in 
the  Old  of  the  second  book  of  his  PrincifAa,  This  tbioiy 
faaa  been  olgecled  to  with  respeet  to  the  condoct  of  the  ar- 
gument, and  othor  explanations  have  heed  g^ven  by  the 
most  eminent  mathematicians.  Though  they  appear  to 
differ  fhxn  Newton's,  their  results  are  preeiaely  the  asme; 
hatf  on  a  dose  examination^  they  differ  no  more  thua  John 
Bemouilli's  theorem  of  centripetal  forces  differs  from  New- 
ton's, viz.  the  one  being  expressed  by  geometry,  and  the  other 
by  literal  analysis.  The  celebrated  De  la  Grange  reduces 
Newton's  investigation  to  a  tautological  proposition  or  iden- 
tical iequation ;  but  Mr  Young  of  Trinity  College,  DuUiii, 
has,  by  a  different  turn  of  expression,  freed  Newton^s  me- 
thod from  this  objection. 

But  since  Newton  published  this  theory  of  aerial  undu- 
lations, and  of  their  propagation  along  the  air,  and  once 
the  theory  has  been  so  corrected  and  improved  as  to  be  re- 
ceived by  the  most  accurate  philosc^ers  as  a  branch  of 
natural  philosophy  susceptible  of  rigid  demonstration,  it 
•  has  been  freely  resorted  to  by  many  writers  on  other  parts 
of  natural  science,  who  did  not  profess  to  be  mathemati- 
cians, but  made  use  of  it  for  explaining  phenomena  in  their 
own  line  on  the  authority  of  the  mathematicians  themselves. 
Learning  from  them  that  this  vibration,  and  the  qxioqiio- 
versum  propagation  of  the  pulses,  were  the  necessary  pro- 
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a  elastic  fluid,  aad  thfit  Uic  rapidity  of  Uiis  pro< 
pagatinii  Iisd  a  certain  asugnal)Ie  proportioa  to  the  elastU 
atj  and  density  of  the  fluid,  they  frerly  made  use  of  tbeHi 
concessions,  and  have  introduced  elastic  vibrating  fluids  iiv 
to  many  facia,  where  otlirrs  would  suspect  no  such  tiling  « 
Mid  hare  altemptnl  to  exj^n  by  their  means  many  abi  ' 
stmse  phenomena  of  nsttire.  Ethers  are  everywhere  iiK 
trodticed,  endued  with  great  elasticity  and  tenuity.  Vibro* 
tions  and  {niUes  are  supposed  in  this  ether,  and  thew  art 
oftred  as  explanations.  The  doctrines  of  animal  sfnrits 
and  nervous  fluids,  and  the  whole  mechanical  system  of 
Haitlvy.  by  wliich  the  operations  of  the  soul  are  said  to  l» 
MpUuncd,  have  their  foundatiou  in  this  ibeorj'  oi'  aerial 
undulations.  If  these  fancied  fluids,  and  their  internal  vi. 
bmtinns,  really  o{>erat(;  in  ihe  phenomena  ascribed  lo  them, 
any  explanation  (hat  can  be  given  of  tlic  phenomena  tirom 
this  principle  must  be  nothing  else  than  sliowiug  that  the 
legitimate  consequences  of  these  undulations  arc  smilar  to 
the  phenomena ;  or,  if  we  arc  no  more  able  to  see  this  last 
step  than  in  tlie  ease  of  «ound  (which  we  know  to  be  onf 
consequence  of  the  aerial  undulations,  although  we  cannot 
tell  how),  we  must  be  able  to  point  out,  as  in  tlie  case  of 
sound,  ci;itain  constant  relations  between  the  general  laws 
of  Iheee  undulations  and  ilie  gener^d  laws  of  the  pheno. 
foena.  It  is  only  in  this  way  that  we  think  ourselves  en- 
titled to  say  that  the  aerial  undulations  are  causes,  though 
not  (he  only  causes,  of  sound  ;  und  it  is  because  tlierc  is  no 
Mich  relation,  but,  on  the  contrary,  u  Uital  dissimilarity,  to 
be  observed  between  the  taws  of  elai^tic  undulations  and 
the  laws  of  the  propagation  of  light,  ihat  we  nttRert  wtUi 
confidence  that  ethereal  undulations  are  not  the  causes  of 
vision. 

Explanations  of  this  kind  suppose,  therefore,  in  the  lirat 
place,  that  the  pliilosophcr  who  |)ropo«es  them  understanda 
precisely  the  nature  of  these  undulations;  in  tlie  next 
^ftce,  that  he  makes  his  reader  eensitde  of  those  circutn. 
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itanoes  of.  them  yirhich  are  ocmoemed  in  the  effect  to  be  ex- 
pliuned ;  and,  in  the  third  plaee,  that  he  makes  the  reader 
understand  how  this  circumstance  of  the  Tibradng  fltnd  is 
connected  with  the  phenomeaon,  either  by  showing  it  to 
be  its  mechanical  cause,  as  when  the  philosopher  ex|daiiis 
the  resounding  of  a  musical  chord  to  a  flute  or  jHpe  which 
gave  the  same  tone ;  or  by  showing  that  this  circumstanoe 
of  the  undulation  always  accompanies  the  phenomenon,  as 
when  the  {^osopher  shows  that  ftSS  vibrations  of  air  in  a 
second,  in  whatever  manner  or  by  whatever  cause  they  ire 
produced,  always  are  followed  by  the  sensation  of ,  the  tone 
C  in  the  middle  of  the  harpsichord.  « 

But  here  we  must  observe,  that,  with  the  exceptioD  oC 
Euler^s  unsuccessful  attempt  to  explain  the  optical  pheno* 
mena  by  the  undulations  of  ether,  we  have  met  ,with  no 
explanation  of  natural  phenomena,  by  means  of  elastic  and 
vibrating  fluids,  where  the  author  has  so  much  as  attempt- 
ed any  one  of  these  three  things,  so  indispensably  requisite 
in  a  logical  explanation.  They  have  talked  of  vibrations 
without  describing  them,  or  ^ving  the  reader  the  least  no- 
tion of  what  kind  they  are ;  and  in  no  instance  that  we  can 
recollect  have  they  showed  how  such  vibrations  could  have 
any  influence  in  the  phenomenon.  Indeed,  by  not  de^ 
scribing  with  precision  the  undulations,  they  were  freed 
from  the  task  of  showing  them  to  be  mechanical  causes  of 
the  phenomenon ;  and  when  any  of  them  show  any  analogy 
between  the  general  laws  of  elastic  undulations  and  the 
general  laws  of  tlie  phenomenon,  the  analogy  is  so  vague, 
indistinct,  or  partial,  that  no  person  of  common  prudence 
would  receive  it  as  argument  in  any  case  in  which  he  was 
much  interested. 

We  think  it  our  duty  to  remonstrate  against  this  sloven« 
]y  way  of  writing :  we  would  even  hold  it  up  to  reproba- 
tion. It  has  been  chiefly  on  this  faithless  foundation  that 
the  blind  vanity  of  men  has  raised  that  degrading  system 
of  opiniops  called  Matehi alish,  by  which  the  aflections 


pculties  of  the  soul  ot*  raoa  have  been  resolved  intih 
pioDs  and  pulses  of  elher. 

ift^so  ihink  it  our  duly  to  give  some  account  of  thiA  I 

n  ot' elastic  tluids.  It  must  be  such  an  account  as  shalV  I 
be  uuderstood  by  thuae  who  arc  not  matliematicians,  ha* 
cause  ihose  only  are  in  danger  of  bc'uig  milled  by  the  imv  j 
proper  appElcatioii  of  them.  Mathematical  discussion  ia^  J 
however,  unavoidable  in  a  subject  purely  malliematical  h>  I 
but  we  shall  inuoducc  nothing  that  may  not  be  easily  1 
understood  or  confided  in ;  and  we  trust  that  mnthem 
cal  readers  will  excuse  us  for  a  mode  of  reasoning  wbii^fl 
appears  to  them  lax  and  Uielegant. 

The  first  ihing  incumbent  on  us  is  to  ahow  how  < 
fluids  differ  from  tlic  unels^tie  in  the  propagation  of  aqjA  I 
agitation  of  their  parts.     When  a  long  tulie  is  filled  wttb 
water,  and  any  one  part  of  it  pushed  out  of  its  place,  t1ie>J 
whole  is  instantly  moved  like  a  solid  ma^ss.     But  this  i 
not  the  case  with  air.      If  a  door  be  suddenly  shut,  the  ] 
window  St  the  farther  end  of  a  long  and  close  room  will  I 
rattle  i  but  some  time  will  elapse  between  the  shutting  ofrfl 
the  door  and  the  motion  of  the  window.    If  some  light  diirt 
be  lying  on  a  braced  drum,  and  another  be  viulenity  t 
at  a  little  distance  from  it,  an  oltetitive  observer  will  s 
the  dust  dance  up  from  the  parchment ;  but  this  will  be  at 
the  instant  he  hears  the  sound  of  the  stroke  on  the  other 
drum,  and  a  sensible  time  aAer  the  stroke.     Many  such 
famdiar  facts  show  that  the  agitation  is  gradually  uotnmu' 
nicaled  along  tlie  air ;  and  tliercfore  that  when  one  par- 
ticle is  agitated  by  any  sensible  motion,  a  finite  time,  lioww 
ever  small,  must  elapse  before  the  adjoining  particle  is  a 
Uted  in  tlie  same  manner.     This  would  not  be  the  cose  n 

t  if  water  be  perfectly  incompressible.    We  think  thafe.1 
I  nay  be  mode  intelligible  with  very  httle  trouble. 
DA  C  1) 

It  A,  B,  C,  D,  &c.  be  a  row  of  aerial  particles,  at  »udi' 
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disCanoes  that  tbar  dlaBtidtjr  just  bahneei  the  ptwiuic  of 
the  atmosphere ;  and  let  us  suppose  (a»  is  dedadUe  fron 
the  obsenred  densttj  of  air  being  proportiomd  to  the  oom- 
jwessiog  force)  that  the  elasticity  of  diepartides,  bj  whidi 
diey  keep  each  other  at  a  distance^  is  as  tber  distaiicps  iii- 
Tersely.  Let  us  farther  suppose  that  the  partide  A  hm 
been  carried,  with  an  uniform  motion,  to  a  by  aaine  exto- 
nal  force.  It  is  erident  that  B  cannot  remain  in  its  pre- 
sent state;  for  being  now  nearer  to  a  than  to  C,  it  is  pro* 
pelled  towards  C  by  the  excess  of  the  elasticity  of  A  atbovef 
the  natural  elasticity  of  C.  Let  E  be  the  natural  elasticitjr 
of  the  particles^  or  the  force  corresponding  ta  die  cEstanGe 
BC  or  BA,  and  let  F  be  the  force  which  impels  B  towards 
C,  and  lety  be  the  foroe  exerted  by  A  when  a(t  a.  We 
have 

E  :/=  Ba :  BC,  ==  B a :  BA; 
and  E  :/—  £  =  B a :  BA--*-B  a  =  B  a :  Aa; 
or£:F  =  Ba:Aa. 
Now,  in  Fig.  89.  let  ABC  be  the  line  joining  three  par- 
ticles, to  which  draw  FG,  PH  parallel,  and  lAF,  HBG 
perpendicular.  Take  IF  or  HG  to  represent  the  elastic!^ 
corresponding  to  the  distance  AB.  Let  the  particle  A  be 
supposed  to  have  been  carried  with  an  uniform  motion  to 
a  by  some  external  force,  and  draw  R^a  M  perpendicular 
to  RG,  and  make  FI :  RM  =  B  a :  B A.  We  shall  then 
have  FI :  PM  =  B  a  :  A  a ;  and  PM  will  represent  the 
force  with  which  the  particle  B  is  urged  towards  C.  Sup- 
pose this  construction  to  be  made  for  every  point  of  the  line 
AB,  and  that  a  point  M  is  thus  determined  for  each  of 
them,  mathematicians  know  that  all  these  points  M  lie  in 
the  curve  of  a  hyperbola,  of  which  FG  and  GH  are  the 
asymptotes.  It  is  also  known  by  the  elements  of  mechanics, 
that  since  the  motion  of  A  along  AB  is  uniform  A  a  or  IP 
may  be  taken  to  represent  the  time  of  describing  Aa ;  and 
that  tlie  area  IPM  represents  the  whole  velocity  which  B 
has  acquired  in  its  motion  towards  C  when  A  has  come  to 
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o,  tlH  finve  o^ng  B  being  always  as  the  purtjon  PM  of 

the  ordinate. 

Take  GX  of  sny  length  in  HG  produced,  and  let  GX 
reprtwnt  tlic  velocity  which  tbe  uniftrrta  actjoo  of  the  na- 
tural elasticity  IF  could  conimuDicate  to  the  particle  B 
during  the  time  that  A  would  unifoniily  describe  AB.  ' 
Make  GS  to  GY  as  the  ret^tangle  IFGH  to  the  hj-per- 
boHc  space  IFRM,  and  draw  YS  cutting  AIR  pro- 
duced in  S,  and  draw  PX  cutting  MR  in  T.  It  is 
known  to  tlie  mathematicittna  tliat  the  point  S  is  in  a  curve 
line  FS*  called  the  logarithmic  curve ;  of  which  the  Icad- 
ii^  properly  la,  that  any  line  R5  parallel  to  GX  is  to  GX 
u  Uie  rectangle  IFGH  is  to  the  hyperbohc  space  IFHM, 
and  that  FX  touches  the  curve  in  F. 

This  being  the  case,  it  is  ptiun.  thai  because  RT  in- 
creases in  the  same  proportion  with  FR,  or  with  the  rect- 
angle IFRP,  and  RS  increases  in  the  proportion  of  the 
space  IFRM,  TS  increases  iii  the  proportion  of  the  apace 
1PM.  Therefore  TS  is  proportional  to  the  velocity  of  B 
when  A  has  reached  a,  awl  HT  is  proportional  to  the  ve- 
locity which  the  uDiform  action 'of  the  natural  elasticity 
would  communicutc  to  R  in  the  same  lime.  Then  since 
FT  is  OS  the  time,  and  TS  is  as  the  velocity,  the  area  FTS 
wil!  be  aa  the  space  described  by  B  {tirged  by  the  variable 
force  PM) ;  while  A,  urffsd  by  the  external  force,  dcscribeB 
Ao;  and  the  triangle  FRT  will  repi-e«enl  the  space  which 
tbe  uniform  action  of  the  natural  elasticity  would  cause  B 
to  describe  in  the  same  time. 

And  thus  it  is  plain  that  these  three  motions  can  be  com- 
fMied  together :  the  uniform  motion  of  tlic  agitated  pai^ 
tide  A,  the  uniformly  accelerated  motion  which  the  natu- 
ral elasticity  would  rommimicatc  to  B  by  its  constant  ae- 
Don,  and  the  motion  produced  in  B  by  the  agilalioii  of  A. 
But  this  comparison,  requiring  the  quatlralurc  of  the  by. 
perbola  and  logarithmic  curve,  would  lead  i»  into  most 
intricate  and  tedious  computations.     Of  these  vrc  need  only 
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give  the  result,  and  make  some  oth^  oompariaong  wUcb 
are  palpable. 

Let  A  a  be  supposed  indefinitely  small  in  comparison  of 
AB.  The  space  described  by  A  is  therefore  iodefinitdy 
small ;  but  in  this  case  we  know  that  the  ratio  of  the  qiaee 
FRT  to  the  rectangle  IFRP  is  indefinitely  small.  There 
is  therefore  no  comparison  between  the  a^tation  of  A  bjr 
the  external  force,  and  the  agitation  which  natural  elasudtjr 
would  produce  on  a  angle  particle  in  the  samte  time,  the 
last  being  incomparably  smaller  than  the  first.  And  thii 
space  FRT  is  incomparably  greater  than  FTS;  and 
therefore  the  space  which  B  would  desoribe  by  the  unifotm 
action  of  the  natural  elasticity  is  incomparably  greater  than 
what  it  would  describe  in  ccxisequence  of  the  agitation  of  A 

From  this  reasoning  we  see  evidently  that  A  must  be 
sensibly  moved,  or  a  finite  or  measurable  time  must  elapse 
befOTe  B  acquires  a  measurable  motion.  In  like  manner  B 
must  move  during  a  measurable  time  before  C  acquires  a 
measurable  motion,  &c. ;  and  therefore  the  agitation  of  A 
is  communicated  to  the  distant  particles  in  gradual  succes- 
sion. 

By  a  farther  comparison  of  these  spaces  we  learn  the  time 
in  which  each  succeeding  particle  acquires  the  very  agita- 
tion of  A.  If  the  particles  B  and  C  only  are  considered, 
and  the  motion  of  C  neglected,  it  will  be  found  that  B  has 
acquired  the  moUon  of  A  a  little  before  it  has  described  I 
of  the  space  described  by  A ;  but  if  the  motion  of  C  be 
considered,  the  acceleration  of  B  must  be  increased  by  the 
retreat  of  C,  and  B  must  describe  a  greater  space  in  pro- 
portion to  that  described  by  A.  By  computation  it  ap- 
pears, that  when  both  B  and  C  have  acquired  the  vekxntj 
of  A,  B  has  described  nearly  ^  of  A'^s  motion,  and  C  more 
nearly  ^.  Extending  this  to  D,  we  shall  find  that  D  has 
described  still  more  nearly  ^  of  A^s  motion.  And  from  the 
nature  of  the  computation  it  appears  that  Uiis  approxima- 
tion goes  on  rapidly  :  therefore,  supposing  it  accurate  fiirim 
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uPrary  tint  particle,  U  follows  rrom  the  equable  mouoo 
or  A,  that  each  succeeding  particle  moves  through  on  equal 
space  in  acquiring  the  motion  of  A. 

The  conclusion  which  we  muat  draw  from  all  this  is,  that 
when  the  agitation  of  A  has  been  fully  commuiiicaltii  to  a 
particle  at  a  sensible  distance,  the  intervening  particles,  all 
moving  forward  with  a  commoa  velocity,  are  equally  com- 
pressed as  to  sense,  except  a  very  few  of  the  first  parlicles ; 
and  that  this  communication,  or  this  propagation  of  the  ori- 
ginal agitation,  goes  on  with  an  uniform  velocity. 

These  computations  need  not  he  attended  to  by  such  as 
Ao  not  wish  for  an  nccuratc  knowledge  of  the  precise  agi- 
tation of  each  particle.  It  is  enough  for  sucli  readera  to 
see  clearly  that  time  must  escape  between  the  agitation  of 
A  and  that  of  a  distant  particle  ;  and  this  is  abundantly 
manifest  from  the  incomparability  (excuse  the  term)  of  the 
nascent  rectangle  IFRP  with  the  nascent  triangle  FBT, 
and  the  incomparability  of  FRT  with  FTS. 

What  has  now  been  shown  of  the  communication  of  any 
sensible  motion  A  a  must  hold  equally  with  respect  to  ajiy 
change  of  this  motion.  Therefore  if  a  tremulous  motion  of 
a  body,  such  as  a  spring  or  bell,  should  agitate  the  adjoin- 
ing particle  A  by  pushing  it  forward  in  the  direction  AB, 
and  then  allowing  it  to  come  back  again  in  the  direction 
BA,  an  agitation  similar  to  this  will  take  ptau;  in  all  the 
particles  of  the  row  one  after  the  other.  Now  if  this  body 
vibrate  according  to  the  law  of  motion  of  a  pendulum  vi- 
brating in  a  cycloid,  the  neighbouring  particle  of  air  ttillof' 
nrcesnty  vibrate  in  the  same  manner ;  and  then  Newton's 
demonstration  needs  no  apology.  Its  only  deficiency  wa*i, 
that  it  seemed  to  prove  that  this  wow/rf  be  the  way  in  which 
every  particle  would  of  necessity  vibrate ;  which  is  not  true, 
for  the  auecessivc  parcels  of  air  will  Iw  difTereiitly  agitated 
according  (o  the  original  agitation.  Newton  only  wants  to 
prove  the  uniform  propagation  of  the  agitations,  and  he  sc- 
Imw  that  Hirni  which  renders  the  prooreafflesi,     He  prove*. 
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in  the  dioat  unexceplioiiable  nuuDner,  dot  if  tbeptrtidetof 
a  pulse  of  air  are  really  moving  like  a  cydoidal  peodulunty 
the  forces  acting  on  each  particle,  in  ocmsequenoe  of  Urn 
compression  aiid  dilatation  of  the  different  parts  of  the 
puis^,  are  precisely  such  as  are  necessary  for  conUnuiiig 
this  motion,  and  therefore  no  other  forces  are  itMjiiirBd. 
Then  since  each  particle  is  in  a  certain  part  of  its  path,  is 
moving  in  a  certain  direction,  and  wUh  a  certain  vdbcitjt 
and  urged  by  a  determined  force,  it  muii  move  in  thatveiy 
manner.  The  objection  started  by  John  BemouiUi  agaioft 
Newton'^s  demonstration  (in  a  single  line)  of  the  eUiptipd 
motion  of  a  body  urged  by  a  force  in  the  inverse  dujdMSite 
ratio  of  the  distance  from  the  focus,  is  precisely  the  saw 
with  the  objection  against  Newton^s  demonstration  of  the 
progress  of  aerial  undulations,  and  is  equally  futile. 

It  must,  however,  be  observed,  that  Newtoo^s  desaoa^ 
straticA  proceeds  on  the  supposition  that  the  linear  «giti^ 
tions  of  a  particle  are  incomparably  smaller  than  the  extoM 
of  an  undulation.  This  is  not  strictly  the  case  in  any  in* 
stance,  and  in  many  it  is  far  from  being  true.  In  a  pcetty 
strong  twang  of  a  harpsichord  wire,  the  agitation  (^  a  par- 
ticle may  be  near  the  50th  part  of  the  extent  of  the  undii- 
lation.  This  must  disturb  the  regularity  of  the  motion, ' 
and  cause  the  agitations  in  the  remote  undulations  to  &Sot 
from  those  in  the  first  pulse.  In  the  explooon  of  a  ctfinoPf 
the  breaking  of  an  exhausted  bottle,  and  many  instaflcw 
which  may  be  given,  the  agitaticHis  are  still  greater.  The 
commentators  on  Newton^s  Principiay  Le  Sueur  and  Jao- 
quier,  have  shown,  and  Euler  more  dearly,  that  when  the 
original  agitations  are  very  violent,  the  particles  of  air  will 
acquire  a  subordinate  vibration  compounded  with  the  regu- 
lar cycloidal  vibration,  and  the  progress  of  the  pulses  wiD 
be  somewhat  more  rapid  ;  but  the  intricacy  of  the  calculus 
is  so  great,  that  they  have  not  been  able  to  determine  with 
any  tolerable  precision  what  the  change  of  velocity  will  be. 

All  this,  however,  is  fully  confirmed  by  experiment  on 
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aonnds.  The  aound  of  a  cannon  at  10  or  30  milet  distonca 
does  nut  in  the  least  refiemblc  its  sound  when  near.  lu 
this  case  it  is  a  loud  instantaneous  crack,  to  which  we  can 
oBsigQ  no  muucal  pitch  :  at  a  distance,  it  is  a  gravt;  sound, 
of  which  we  can  tell  the  note;  and  it  begins  softly,  sv/qWs 
to  its  greatest  louduess,  and  then  dies  awny  growling.  The 
MOW  may  be  said  of  a  clap  of  thunder,  which  we  know  tu 
be  a  loud  snap  of  bUII  less  duration.  It  is  highly  probable 
that  the  appreciable  tone  which  those  distant  sounds  afford 
ore  produced  by  the  conUuuancc  of  these  Hubordiuate  vi- 
brations which  are  added  togetiier  and  Ibrlilicd  in  the  suc- 
cessive puUes,  though  not  perceptible  in  the  first,  in  it  way 
aomewhat  resembling  tlie  resonance  of  a  musical  chord. 
Newton's  explanation  galltcrs  evidence  therefore  from  this 
dntimstance.  And  we  must  further  observe,  that  all 
daslic  bodies  tremble  or  vibrate  almost  precisely  its  a  peo- 
dulum  awingin*  in  a  cycloid,  unless  tJicir  vibrations  ore  un- 
commonly violent ;  in  which  case  tliey  are  quickly  reduced 
to  a  moderate  quantity  by  the  resistance  of  the  air.  The 
tmiy  very  lond  sounds  whicli  wo  can  produce  in  this  vrsy 
are  from  great  bells ;  and  iu  iliese  the  ulmost  extent  of  the 
vibration  is  very  small  in  comparison  with  the  breadth  of 
the  pulse.  The  velodty  of  these  sounds  has  not  been  com- 
pared with  that  of  cannon,  or  perhaps  it  would  be  found 
less,  and  an  objection  against  Newtoti's  determination  r&. 
mured.  He  gives  l>69  leet  per  second,  Experiment  1142. 
But  it  is  also  very  probable,  that  in  the  propogntioo 
llirough  the  air,  the  agitation  gradually  and  rapidly  np- 
proaclies  to  tliis  regular  cycloidal  jbrm  in  ihc  successive 
pulacB,  in  the  same  way  as  we  observe  lliat  whatever  is  tlie 
form  of  agitatLun  in  the  middle  of  a  smooth  pond  of  watcr^ 
the  spreading  circles  arc  always  of  one  gentle  form  without 
asperities.  In  like  manner,  into  whatever  form  we  ihrowa 
stretched  cord  by  die  twang  which  we  gii'e  it,  it  almost 
immediately  moki-s  fsniooth  undulations,  keeping  itself  in  the 
«lM|ie  of  nn  elongated  trochoid.     Of  this  lost  we  can  dco 
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monstrate  the  necesrity,  because  the  case  is  nmple.  In  the 
'  wave,  the  investigation  is  next  to  impossible ;  but  we  see 
the  fact.  We  may  therefore  presume  it  in  air.  And  ac- 
cordingly we  know  that  any  noise,  however  abrupt  and  jar- 
ring, near  at  hand,  is  smooth  at  a  distance.  Nothing  is 
more  rough  and  harsh  than  the  scream  of  a  heron ;  but  at 
half  a  mile^s  distance  it  is  soft.  The  ruffle  of  a  drum  is 
also  smooth  at  a  distance. 

Fig.  90.  shows  the  successive  situations  of  the  partidei 
of  a  row.  Each  line  of  the  figure  shows  the  same  partides 
marked  with  the  same  letters;  the  first  particle  a  being 
supposed  to  be  removed  successively  from  its  quiescent  si- 
tuation and  back  to  it  again.  The  mark  x  is  put  oo  diat 
part  of  each  line  where  the  agitated  particles  are  at  thdr  na- 
tural distances,  and  the  air  is  of  the  natural  density.  The 
mark  1  is  put  where  the  air  is  most  of  all  compressed,  and 
:  where  it  is  most  of  all  dilated;  the  curve  line  drawn 
through  the  lowest  line  of  the  figure  is  intended  to  repre- 
sent the  density  in  every  point,  by  drawing  ordinates  to  it 
•  from  the  straight  line :  the  ordinates  below  the  line  indi- 
cate a  rarity,  and  those  above  the  line  a  density,  greater 
than  common. 

It  appears  that  when  a  has  come  back  to  its  natural  si- 
tuation, the  part  of  greatest  density  is  between  the  par- 
ticles i  and  A:,  and  the  greatest  rarity  between  c  and  d. 

We  have  only  to  add,  that  the  velocity  of  this  piopaga* 
tion  depends  on  the  elasticity  and  density  of  the  fluid.  If 
these  vary  in  the  same  proportion,  that  is,  if  the  fluid  has 
its  elasticity  proportional  to  its  density,  the  velocity  will 
remain  the  same.  If  the  elasticity  or  densi^  alone  be 
changed,  the  velocity  of  the  undulations  will  change  in  the 
direct  subduplicate  ratio  of  the  elasticity  and  the  inverse 
subduplicate  ratio  of  the  density  ;  for  should  the. elasticity 
be  quadrupled,  the  quantity  of  motion  produced  by  it  in 
any  given  time  will  be  quadrupled.  Thb  will  be  the  case 
if  the  velocity  be  doubled ;  for  Uiere  would  then  be  double 
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IT  of  iMrttcIes  doiibly  agitated.  Should  the  den- 
raty  be  quadrupled,  the  elasticity  remaining  Ihc  same,  the 
quantity  of  motion  must  remain  the  same.  This  will  be 
the  caw  if  the  velocity  be  reduced  to  one  half;  for  this  will  , 
propagate  half  the  agitation  to  linlf  the  distance,  which  wilt 
oommunicate  it  to  twice  tlie  number  of  particles,  and  the 
quatiUty  of  motion  will  remain  the  same.     The  same  may 

be  said  of  other  proportions,   and    therefore  V  = , 

Vd" 
Therefore  a  change  in  the  barometer  will  not  alTect  tlie  ve. 
lodty  of  the  undulations  in  ur,  but  they  will  be  acccteraU 
ed  by  heat,  which  diminishes  its  den^ty,  or  increases  its 
dosticity.  The  velocity  of  the  pulses  in  intlantmable  air 
must  be  at  least  tbiice  as  great,  because  its  density  is  but 
DtK-tenth  of  that  of  ur  when  the  elaatidty  of  both  are  the  j 
some.  ' 

Let  us  now  attend  a  little  to  the  propagation  of  aerial  ^ 
pulses  tts  they  really  happen  ;  for  thia  hypotbeas  of  a  single  ' 
row  of  particles  is  nowhere  to  be  observed. 

Suppose  a  sphere  A,  Tig.  91 .  filled  with  condensed  jur, 
and  that  the  vessel  which  contains  it  is  suddenly  annihilat- 
ed. The  air  must  expand  to  its  natural  dimensions,  sup* 
pose  BCD.  But  it  taonot  do  this  without  pressing  aside 
the  surrounding  air.  We  have  seen  that  in  any  single  row 
of  parlicles  Uiis  cannot  be  at  once  diffused  to  a  distance,  but 
must  produce  a  condensaUon  in  the  air  adjoining  ;  which 
will  be  gradually  propagated  lo  a  distance.  Therefore  ihta  ' 
sphere  BCD  of  the  common  density  will  form  round  it  a 
shell,  bounded  by  EFG,  of  condensed  air.  Suppose  that 
at  this  instant  the  inner  air  BCD  beoomcs  solid.  The  shell 
of  condensed  air  can  expand  only  outwards.  Let  it  expand 
till  it  is  of  the  common  density,  occupying  the  shell  HIK. 
This  expansion,  in  like  manner,  must  produce  a  shell  of 
ooodeiued  air  without  it :  at  tliis  instant  let  HIK  become 
solid.     The  surrounding  shell  of  condensed  air  can  expand 

.III.  a  A 
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ontjr  outward,  condenuDg  anotW  aheU  without  it  It  w 
piaiQ  that  thb  mugt  go  on  ooatinually,  aod  the  ce&tral  «|^ 
tation  will  be  gradually  propagated  to  adistanoe  in  all  dir 
fcetions.  But,  in  this  piocess,  it  is  not  the  Bame  numericil 
particles  that  go  to  a  distance.  Those  of  die  origpoMl 
sphere  go  no  further  than  BCD,  those  <^the  next  shall  go 
Bo  further  than  HIE,  &c  Farther,  the  expanmn  outr 
wards  of  any  particle  will  be  more  moderate  as  the  diffu- 
sion advances ;  for  the  whole  modon  of  each  shell  cannot 
exceed  the  original  quantity  of  motion;  and  the  number  of 
particles  in  each  successive  shell  increases  as  the  sorfioe, 
that  is,  as  the  square  of  the  distance  from  the  oentie: 
therefore  the  agitadon  of  the  particles  will  decrease  in  the 
same  ratio,  or  will  be  in  the  inverse  duplicate  ratio  of  the 
distance  from  the  centre.  Each  sucoesrive  shell,  therefore, 
cont^ns  the  same  quantity  of  motion,  and  the  suocesnre 
ablations  of  the  particleis  of  any  row  out  from  the  centre 
will  not  be  equal  to  the  original  agitation,  as  happens  in  the 
solitary  row.  But  this  does  not  affect  the*  velocity  of  the  pro- 
pagation, because  all  a^tations  are  propagated  equally  fast. 
We  supposed  the  fur  A  to  become  solid  as  soon  as  it  ac- 
quired the  common  dennty ;  but  this  was  to  facilitate  the 
conception  of  the  diffusion.  It  does  not  stop  at  this  bulk ; 
for  while  it  was  denser  it  had  a  tendency  to  expand.  There- 
fore each  particle  has  attained  this  distance  with  an  accele- 
rated motion.  It  will,  therefore,  continue  this  motion  like 
a  pendulum  that  has  passed  the  perpendicular,  till  it  b 
brought  to  rest  by  the  air  without  it ;  and  it  is  now  rarer 
than  common  air,  and  collapses  again  by  the  greater  elas- 
ticity of  the  air  without  it  This  outward  air,  therefore,  in 
regaining  its  natural  density,  must  expand  both  ways.  It 
expands  towards  the  centre,  following  the  collapsing  of  the 
air  within  it;  and  it  expands  outwards,  condensing  the 
air  beyond  it.  By  expanding  inwards,  it  will  agttn  orm- 
dense  the  air  within  it,  and  this  will  again  expand ;  a  si- 
milar motion  happens  in  all  the  outward  sheOs ;  and  thus 
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^  U  propagated  i 


i  a  succession  of  condensed  and  rare* 
find  shells  of  lur,    wluuli  gradually  swell   to  llie  greateot  j 
distancE. 

It  may  be  demonstrated,  that  when  the  central  air  has 
for  the  second  time  acquired  the  natural  density,  it  will  be 
St  rest,  and  be  disturbed  no  more ;  and  that  this  will  hap>  i 
p«  to  all  the  shells  in  succession.     But  the  demonstratioo  'J 
is  maefa  loo  intricate  for  this  place ;  we  must  be  cont«ntfid  '] 
mth  pimubg  out  a  lad  perfectly  analogous.     When  we 
drop  a  snisU  pebble  hito  water,  we  see  it  produce  a  seiies 
of  circular  waves,  which  go  along  the  surface  of  smooth 
valer  to  a  great  distance,  becoming  more  and  more  gentle 
as  they  recede  fi-om  the  centre  ;  and  the  middle,  where  tlie 
agitation  was  first  produced,  remains  perfectly  smooth,  and 
dm  smoothness  extends  continually  ;  that  is,  each  wave^ 
vhen  brought  to  a  level,  remains  at  rest.  \ow  these  wavM  J 
are  produced  and  propagated  by  the  depression  and  elev»<  i 
tion  made  at  the  centre.     The  elevation  tends  to  diifura  ^ 
itaolf;  and  the  force  with  which  each  particle  of  water  is 
actuated  is  a  force  acting  directly  up  and  down,  and  is  pn>t  I 
portioDal  to  the  eleVation  and  depression  of  the  ptirticio:  I 
Tttis  hydrostatical  jwesaure  operates  precisely  in  the  se 
way  as  the  condensation   and  rarefaction  of  the  air ;  i 
the  mathematical  investigation  of  the  propagation  of  tb*  i 
drcuW  undulations  on   smooth   water  is  similar  in  every^  "* 
Step  ((I  tliat  of  the  propagation  of  the  spherical  waves  in  still 
jur.  Fot  this  we  appeal  to  Newton's  Principia.  or  to  Euler'a 
(ypMada,  where  he  gives  a  very  beautiful  investigation  of 
the  velocity  of  the  aerial  pulses ;  and  to  some  memoirs  <A  , 
dc  la  Grange  in  the  collections  of  tlie  academies  of  Bcrliiy  \ 
and  Turin.     These  two  last  autbon  have  made  the  inve»-  i 
ligation  as  ample  as  it  seems  possible,  and  have  freed  ilt>  A 
fmn  every  objection  which  can  be  slated  against  the  geO'  J 
metrical  one  of  their  great  teacher  Newton. 

Having  said  thi*  much  on  (he  similarity  between  t 
wave*  on  water  and  the  aerial   undulations,   wc  shall  hair«<| 


740  PVEUMATICS. 

recourse  to  them,  as  affording  us  a  veiy  aenfible  object 
to  represent  many  affections  of  the  other  which  it  would  be 
extremely  difficult  to  explain.  We  neither  see  nor  fieel  the 
aerial  undulations ;  and  they  behoved,  therefine,  to  be  de- 
scribed very  abstractedly  and  imperfectly.  In  the  watery 
wave  there  is  no  permanent  progressive  motion  of  the  water 
from  the  centre.  Throw  a  small  fait  of  eorii  on  the  surface, 
and  it  will  be  observed  to  popple  up  and  down  inthoiit  the 
least  motion  outwards.  In  Uke  manner,  the  partides  of 
air  are  only  agitated  a  very  little  outwards  and  inwai^ ; 
which  motion  is  communicated  to  the*  partidea  beyond 
them,  while  they  themselves  come  to  rest,  vnlasB  iq^tated 
afresh ;  and  this  agitation  of  the  particles  is  inoonoetvably 
small.  Even  the  explosion  of  a  cannon  at  no  great  distance 
will  but  gently  i^tate  a  feather,  giving  it  a  single  impulse 
outwards,  and  immediatdy  after  another  inwards  or  to- 
wards the  cannon.  When  a  harpsidiord  wive  is  fbrdUy 
twanged  at  a  few  feet  distance,  the  a^tation  of  the  air  is 
next  to  insensible.  It  is  not,  however,  nothing ;  and  it  dif- 
fers from  that  in  a  watery  wave  by  being  reaMy  outwards 
and  inwards.  In  consequence  of  this,  irhen  the  condensed 
shell  reaches  an  elastic  body,  it  impek  it  sl^tly.  If  its 
elastidty  be  such  as  to  make  it  acquire  the  opposite  shape 
at  the  instant  that  the  next  agitation  and  condensed  shell 
of  air  toudies  it,  its  agitation  will  be  doubled,  and  a  third 
agitation  will  increase  it,  and  so  on,  till  it  acqiure  the  agi- 
tation competent  to  that  of  the  shell  of  air  which  reaches 
it,  and  it  is  thrown  into  sens  Ale  vibration,  and  gives  a  sound 
extremely  faint  indeed,  because  the  agitation  which  it  ac- 
quires is  that  corresponding  to  a  shell  of  air  considerably 
removed  from  the  original  string.  Hence  it  hajqiens  that 
a  musical  chord,  pipe,  or  bell,  will  cause  another  to  resound, 
whose  vibrations  are  isoduronous  with  its  own ;  or  if  the 
vibrations  of  the  one  coincides  with  every  second,  or  third, 
or  fourth,  &c.  of  the  other ;  just  as  we  can  put  a  very 
heavy  pendulum  into  sensible  motion  by  giving  it  a  gentle 
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e  breath  at  every  vibration,  or  at  every  second, 
third,  or  fourth,  kc.  A  drum  struck  in  tho  neighbourhood 
of  another  drum  will  ogitAte  it  very  sensibly;  Ibr  here  the 
etroke  depresses  a  very  considerable  §iirface,  and  produces 
an  agilation  of  a  considerable  mass  of  air:  it  will  even  agi- 
tate the  surface  of  stagnant  water.  Tiie  explosion  of  a 
cannon  will  even  break  a  neighbouring  window.  The  shell 
of  condensed  air  which  cnnies  against  tlic  glass  has  a  greut 
surface  and  a  great  agitation :  the  best  secuvity  in  this  coac 
is  to  throw  up  the  sash  ;  this  admits  the  condensed  air  in- 
to the  room,  which  acts  on  the  inside  of  the  window,  ba- 
lancing part  of  the  extern^  impulse. 

It  is  demonstrated  in  every  elementary  treatise  of  ta^\ 
(ural  philosophy,  that  when  a  wave  on  water  meets  oa^^ 
plane  obstacle,  it  is  reflected  by  it  from  a  centre  equal 
removed  behind  the  obstacle ;  that  waves  radiating  fro 
the  focus  of  a  parabola  are  reflected  in  waves  perpendicular 
to  its  axis;  that  waves  radiating  from  one  focus  iif  an  ellipse 
are  made  to  converge  to  the  other  focii!i.  Sic.  &c.  All  this 
may  be  affirmed  of  the  a<.>rial  undulationij ;  that  when  port 
of  a  wave  gets  through  a  hole  in  the  obstacle,  it  becomes 
the  centre  of  a  new  series  of  waves ;  that  waves  bend  round 
tlic  extremities  of  an  obstacle :  alt  this  happens  in  tho  aertal 
undulations.  And,  lastly,  Uiat  when  the  sitrlace  of  water 
is  thrown  into  regular  undulations  hy  one  agitation,  ano- 
ther agitation  in  another  place  will  produce  other  regular 
waves,  which  will  cross  the  former  without  disturbing  them 
in  the  smallest  degree.  The  same  thing  happens  in  air; 
and  experiments  may  be  mode  on  water  which  will  iUuk- 
trate  in  the  most  perfect  manner  many  other  aflecljonit  of 
the  aerial  pulses,  which  we  should  otherwise  conceive  very 
imperfectly.  We  would  recommend  to  our  curious  readers 
to  make  some  of  these  experiments  in  a  large  vessel  of  milk. 
Take  a  lung  and  narrow  plate  of  leud,  whicli,  when  set  on 
ihe  bottom  ul  the  vessel,  will  reach  almve  the  surface  of 
Uie  milk ;  bend  this  plaU'  into  n   parabola,  elliptical  or 
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olher  curve.  Make  tbe  uiiduktk»is  by  drippiag  milk 
OD  the  focus  from  a<8iiiall  pipc^  which  will  laausfe  Uie  ijgiti 
tioBS  jto  fucceed  with  rapidity,  aad  thevi  «U  that  npe  have 
said  will  he  most  distinctly  seen,  and  the  experitfient  will 
be  very  amuang  and  instructive^  especially  to  the  nuiacsl 
reader. 

We  would  now  request  all  who  lualfie  <ir  read  ezphtts- 
tions  of  natural  j^enomeiia  by  means  of  vihratioDsaf  ethen, 
animal  spirits,  nervous  fluids,  8dc.  to  fix  thar  attention  en 
the  nature  of  the  agitation  in  one  ^f  these  uadulaticms. 
Let  him  consider  whether  this  can  produce  the  pheno- 
menon, acting  as  any  matter  must  act,  by  impulse  or  by 
pressure.    If  he  sees  that  it  can  produce  the  phenomeaon, 
he  will  be  able  to  pcnnt  out  the  very  motiontt  wiU.p«pduoG^ 
both  in  quantity  .and  Erection,  in  the  same  manner  as  Sr 
Isaac  Newton  has  pointed  out  all  the  irregularities  of  the 
moon^s  motion  produced  by  the  disturlnng  £»ce  of  the  son. 
'J^    If  he  cannot  do  this,  he  fiuls  in  ^ving  the  first  e^^dence  of 
a  mechanical  explanation  by  the  action  of  an  elastic  vibrat- 
ing fluid.    Let  him  then  try  to  point  out  some  palpaUe 
connexion  between  the  general  phenomena  of  elastic  undu- 
lations and  the  phenomenon  in  question ;  this  would  shov 
an  accompaniment  to  Jiave  at  least  some  probability.    It  is 
thus  only  we  learn  that  the  undulations  of  air  produce 
sound :  we  cannot  tell  how  they  aSiect  the  mechanism  of 
the  ear ;  but  we  see  that  the  jdienomena  of  sound  always 
accompany  them,  and  that  certain  modifications  of  the  one 
are  regularly  accompanied  by  certain  modifications  of  the 
other.     If  we  cannot  do  this,  we  have  derived  ndther 
explanation  nor  illustration  from  the  elastic  fluid.     And, 
lastly,  let  him  remember  that  even  if  he  should  be  able  to 
show  tbe  competency  of  this  fluid  to  the  production  of  the 
phenomenon,  the  whole  is  still  an  hypothesis,  because  we 
do  not  know  that  such  a  fluid  exists. 

We  will  venture  to  say,  that  whoever  will  proceed  in  this 
prudent  manner  will  soon  see  the  futility  of  most  of  the 
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ntions  of  this  kind  which  have  been  given.    Theynre 
nofit  for  any  but  consummate  malhenuitictaiis ;  for  Owy 
alone  FeuUy  understand  the  mechanian  of  aerial  unduio-, 
tioiu,  and  even  they  speak  of  them  with  hesitation  fts  a> 
thing  but  iinperrecdy  understood.    Buteven  the  unlearned 
in  this  tdenee  can  eee  the  incompatihility  of  the  bypothesefti 
irith  many  thinge  wliich  they  sre  brougltt  to  explain.     To' 
take  an  instance  of  the  conveyance  nf  fieoeation  along  the 
nen,ica ;  an  elastic  fluid  is  supposed  to  occupy  tliem,  and' 
the  undulations  of  Uiis  fluid  arc  thought  to  be  fimpagated.-  i 
along  the  nerves.    Let  us  just  think  a  little  Jiow  the  undo*'  I 
latiotiB  would  he  conveyed  along  the  surf«e<>  of  a  canat'  i 
whioli  wae  completely  fllled  up  with  recdsand  faulrushei,''  | 
or  let  us  make  the  experiment  on  such  a  canal:  we  may 
rest  assured  that  the  undulations  in  ibe  one  cane  will  re- 
semble thoee  in  the  other;  and  we  may  see  that  in  ihe'  j 
canal  there  will  be  no  regular  or  eeneible  pn^agation  i^'thA"  | 
waves. 

Let  these  obsen-ations  have  their  influence,  nloog  with-'  ] 
others  which  we  have  made  on  other  otrusions,  to  wean  ouf 
readers  from  this  fashionalile  prtuicDcss  to  introduce  in*' 
visible  Buids  and  unknown  vibrations  mto  nur  physical' 
discufisiuna.  They  have  done  immense,  and,  we  fear,  irrfr*' 
parable,  mischief  in  sciimce;  antl  there  is  but  one  jiheno-' 
Dtenon  that  has  ever  received  any  explanation  by  their 
means. 

This  may  suffice  for  a  loose  and  pn])idur  nc(t>unl  of  aerial 
undulations;  and  with  it  we  conclude  our  account  of  ihfe' 
taction,  impulse,  and  resistance  of  air. 

We  diall  now  explain  a  number  uf  natural  appearances,' 
depending  on  its  pressure  and  elasticity,  appearances  nOt<  I 
suffimnUy  general,  or  too  complicated  fur  the  purposes  oC  T 
argumeni,  while  we  were  employed  in  the  investigation  of  J 
these  properties,  IhiI  loo  important  to  be  passed  over  in  a- 


It  is  owing  to  the  pressure  of  the  atmosphere  that  twO' 
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surfaces  which  accurately  fit  each  other  cohere  with  such 
farce.  This  is  h  {ad  familiarly  known  to  the  glass-grindefs, 
palifihers  of  n^arble,  &c.  A  large  lens  or  qieculuoiy  ground 
on  its  tool  till  it  becomes  very  smooth^  requires,  more  than 
any  man's  strength  to  separate  it  directly  from  the  tool  If 
the  surfiioe  is  only  a  square  inch,  it  will  require  15  pounds 
to  separate  them  perpendicularly,  though  a  very  modenle 
force  will  make  them  slide  along  each  other.  But  this  oc^ 
heswn  is  not  observed  unless  the  surfaces  are  wetted  or 
ismeared  with  oil  or  grease ;  otherwise  the  air  geta  betweoi 
them,  and  they  separate  without  any  trouble.  That  this, 
coheaon  is  owing  to  the  atmospheric  pressure,  is  evident 
from  the  ease  with  which  the  plates  may  be  separated  in  an 
exhausted  receiver.  .   . 

To  the  same  cause  we  must  ascribe  the  very  strong  ad- 
hesion of  snails,  periwinkles,  limpets,  and  other  univalve 
shells,  to  the  rocks.  The  animal  forms  the  rim  of  its  shell, 
so  as  to  fit  the  shape  of  the  rock  to  which  it  intends  to 
cling.  It  then  fills  its  shell  (if  not  already  filled  by  its  own 
body)  with  water.  In  this  condition  it  is  evident  that  we 
must  act  with  a  force  equal  to  15  pounds  for  every  square 
inch  of  touching  surface  before  we  can  detach  it.  This 
may  be  illustrated  by  filling  a  drinking  glass  to  the  brim 
with  water ;  and  having  covered  it  with  a  piece  of  thin  wet 
leather,  whelm  it  on  a  table,  and  then  try  to  pull  it  straight 
up;  it  will  require  a  considerable  force.  But  if  we  expose 
a  snail  adhering  to  a  stone  in  the  exhausted  receiver,  we 
shall  see  it  drop  ofi*  by  its  own  weight.  In  the  same  man- 
ner do  the  remora,  the  polypus,  the  lamprey,  and  many 
other  animals,  adhere  with  such  firmness.  Boys  frequently 
amuse  themselves  by  pulling  out  large  stones  from  the 
pavement  by  means  of  a  circle  of  stifi^  wetted  leather  fasten- 
ed to  a  string.  It  is  owing  to  the  same  cause  that  the 
bivalve  shell  fishes  keep  themselves  so  firmly  shut.  We 
think  the  muscular  force  of  an  oyster  prodigious,  because 
it  requires  such  force  to  open  it ;  but  if  we  grind  ofi*  a  bit 
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^Hlb  cunvcx  shell,  so  us  to  make  a  hoki  \a  it,  ibougb  i 
without  hurting  the  fisli  in  the  smallest  degree,  it  opetw  I 
with  great  ease,  aa  it  does  also  in  vacuo.  i 

The  pressure  of  the  air,  operating  in  this  way,  contribute*  | 
much  to  the  cohe»on  of  bodies,  where  we  do  not  suspect  1 
its  influence.  The  tenacity  of  our  mortars  and  cements  J 
wonid  frequently  be  Ineffectual  without  this  assistance.  1 

It  is  owing  to  the  pressure  of  the  atmosphere  that  a  cask.  1 
will  not  run  by  the  cock  unless  a  hole  be  opened  in  some  1 
other  part  of  the  cask.  If  the  cask  is  nut  quite  full,  some  ] 
liquor  indeed  will  run  out,  but  it  will  stop  as  soon  as  tlie  ' 
dittunished  elasticity  of  the  air  alK>ve  the  liquor  is  in  equi-'  ] 
brio  (together  with  the  liquor)  witli  the  atmospheric  pres-'  1 
sure.  In  like  manner,  a  teapot  must  have  a  small  hole  1 
in  its  hd  to  ensure  its  pouring  out  the  tea.  If  indeed  that  J 
hole  ill  the  cask  ia  of  large  dimensions,  it  will  run  vitiw  l 
out  any  other  hole,  because  air  will  get  in  at  tlie  uppe^  J 
side  of  the  hole  while  the  liquor  runs  out  by  the  lower  part  3 
of  it.  J 

On  the  same  principle  depends  the  performance  of  an  in-  J 
strumcnt  used  by  the  spirit-dealers  for  taking  out  a  sample'  1 
of  their  spirits.  It  consists  of  a  long  tin-plate  tube  AB  1 
(Fig.  74.)  open  atop  at  A,  and  ending  in  a  small  hole  at  j 
B.  The  end  U  is  dipped  into  the  spirits,  which  rises  intA-'  ] 
the  lube ;  then  the  thumb  is  clapt  on  the  mouth  A,  and'  J 
the  whole  is  lifted  out  of  the  cask.  The  spirit  remains  J 
in  it  till  the  thumb  be  taken  off;  it  is  then  allowed  to  ruA  1 
into  a  glass  fur  examination.  - '  H 

It  seems  principally  owing  to  the  ppesaure  of  the  air  that  ■  j 
frosts  immediately  occasion  a  scantiness  of  water  in  our-  j 
fountains  and  wells.  This  is  erroneously  accounted  for,  by  j 
supposing  that  the  water  free?.es  in  tlie  bowels  of  the  earth,  j 
Out  this  is  a  great  mistake :  tlie  most  intense  frost  of  a  SU-'  1 
berian  winter  would  not  frce/c  the  ground  two  fbct  deep  ; 
but  a  very  moderate  frost  will  consolidate  the  whole  surface 
of  a  country,  and  make  it  impervious  to  the  itir;  especially 
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if  the  fixMt  has  hKi^  pniaded  bj  xain,  idbkh  liii  todbed 
theniAoe.  W^en  Ab  hailpeiu,  the  iratar  which 
filtering  through  the  gmuad  is  aU^nMlsd  and htpt 
pettdsd  in  its  ciqpykry  tufate  by  Ae  .pmisiire  <£  theair#in 
the  ipcry  avne  raamier  lis  the  Ji^ints  jure  kflpt  siMp^^ 
the  JastrunMnt  just  MOW  dcateihed  hy  the  thumb'is  iihaning 
theholeA.  A  Omm  mOtB  ilm  w»faGMi  hm^  mA 
tibe  water  to  tun  in  the  laflayuMragiheyniigunwfaen 
Ifae  thumb  is  remoiv^ 

Cemmeti  air  is  iwctssary  far  suj^piirliiig  the  Ktcb  of  lit 
adhnaki  If  a  small  anunaly  auch  as  a  mmaaor  hirdi  ha 
put  under  the  neevTer  ef  an  jumpamp^  fad  ihe  air  he  es* 
hsMatrdj  the  amaml  liill  quickly  be  timowti  'mh^aamninmm 
aitd  fall  down  dald:;  «f  the  air  be  imnediatdy  lyaAnitlpd, 
the.aiiimal  will  soaaetiiliesrevifWi  capeeially  if  the  tar^o- 
tiaa  has  been  biaskLy  madt^  and  his  not  hfiea  vorji^est 
We  do  not  hnew  ithat  .any  breathiag  amlaal  aaa  bear  the 
av  Id  be  nedoced  to  i  of  its  ^irdiaazy  dansky*  Biir.enrea|; 
nor  have  we  good  evidence  that  an  animal  will  ever  recover 
if  die  rarefiuBtiion  is  pushed  very  At^  although  caHtiniied 
fiar  a  very  short  tiiai». 

But  Ihe  laere  fN-eseaee  of  the  air  as  by  no  ataans  suffi- 
cient for  preserving  tlie  life  of  tbi^  aadaasl ;  for  k  is  tbuaod^ 
that  an  animal  shut  up  in  a  vessel  of  lar  oannot  live  in  it 
fhr  any  length  of  time.  If  a  mta  be  shut  up  in  a  boKf 
oontmning  a  wine  hogshead  of  air,  be  caiaotlive  in  it  muoh 
dbove  aA  bouT^  and  Jong  belGbse  thb  he  imiUfiBd  Ua  bletalb* 
ing  very  unsatisfactory  and  uneasy.  A  galkm  ef  air  will 
support  him  about  a  mknite.  A  box  EF  (Fig.  7&)  miy 
be  made^  having  a  pipe  AB  inserted  into  its  top^  and  fitted 
with  a  ureiy  light  valve  at  fi^  opening  upwarda  This  pipe 
seeds offa  lateral  braadi alDifC;  which  enters  the  boK  at 
the  bottom^  and  is  ake  fitted  with  a  U^t  valve  at  C  open* 
iagupwardsi  If  a  person  bieaihe  thnMi^lhepipe,  keeping 
faia  aestrib  shut^  it  is  evident  that  the  air  which  he  expiies 
will  aot  leater  the  box  by  the  hole  B,  laar  letuxo  thioi^ 
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the  pipe  CD  d ;  nnd  by  this  contrivanoe  he  will  gradaally  i 

coiploy  the  whole  wr  of  the  box.    With  this  apparatus  ex-  J 

periioents  am  he  uuuk  without  any  risk  or  inconveiuency,  1 

sod  tile  quantity  of  air  necessary  for  a  given  time  of  euf  1 

btwalluag  may  be  accurately  ascertained.  1 

How  the  air  of  our  atmosphere  produces  this  effect,  is  a  I 

qoestion  which  does  not  belong  to  mechanical  philoaofihjr  1 

to  investigate  or  determine.     We  con^  however,  affini^  1 

that  it  is  neither  the  pressure  nor  the  elasticity  of  the  ar  1 

wbi^  is  immediately  concerned  in  maintaining  the  animal  1 

functions.     We  know  that   we  can  live  and  breatlic  with  J 

perfect  freedom  on  the  tops  of  the  highest  mountains.   The  J 

valley  of  Quito  in  Peru,  and  the  country  round  Gondur  J 

in  Abys»nia,  are  so  far  elevated  above  the  sur^c  of  the  ■ 

OCMD,  tliat  tlie  pressure  and  the  elastidty  of  the  air  are  1 

onc>tliird  less  than  in  the  low  countnes ;  yet  these  arc  jkm  1 

pulous  and  healthy  pieces.     And,  on  the  other  hand,  we  I 

know,   that  when  an  animal  has  breathed  in  any  quantity  I 

of  air  for  a  certain  time  witliout  renewal,  it  will  not  (Hily  1 

be  suffocated,  but  another  animal  put  into  this  air  will  die  I 

immediately ;  and   we  do  not  find  either  tlie  pressure  or  1 

clasttcity  of  the  lur  remarkably  dimiaished :  it  is  indeed  1 

dinunished,  but  by  a  very  small  quantity.     Restoring  the  I 

former  pressure  and  elasticity  has  not  the  smallest  tendency  I 

to  prevent  llie  death  of  the  animal :  for  on  animal  will  live  ~  J 

no  loiter  under  a  receiver  diat  has  ita  mouth  inverted  on  I 

water,   than  in  one  set  upon  the  pump-plate  covered  with  I 

loother.     Now,  when  die  receiver  is  set  on  water,  the  pre^  I 

sure  of  the  atmosphere  acts  completely  on  the  included  aifj  I 

and  pruMirvcs  it  in  the  some  state  of  elostidty.  I 

Ib  short,  it  is  known  that  the  air  which  has  already  aerv-  I 

od  lo  maiatain  the  animal  functions,  has  its  chemical  and  I 

alimcnliiry  properUes  completely  changed,  and  is  no  longer  I 

fit  for  this  purjmae.     So  much  of  any  mass  of  air  aithaa  I 

really  Ixvn  ihiis  employed  is  changL'd  into  what  is  oallttd  I 

Jtxed  air  by  Dr  Black,  or  carbonic  acid  by  the  chenutfa  of  1 
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die  I^Toiserian  sdKioL  Any  peraon  may  be  comrmoedof 
this  by  breathiag  or  blowing  through  a  pipe  immerBed  in 
lime  water.  Every  expiration  will  prodooe  white  clouds  on 
the  water,  till  all  die  lime  which  it  contains  is  precipitated 
in  the  form  of  pure  chalk.  In  this  case  we  know  that  the 
lime  has  combined  with  the  fixed  air. 

Thecdebrated  Dr  Stephen  Hales  made  many  eiqpeii- 
moits  with  a  view  to  dear  the  air  from  the  noxioas  Tapour 
which  he  sujqxMed  to  be  emitted  from  the  lungs. 
'  He  made  use  of  the  apparatus  which  we  ha:ve  bees  juit 
flow  mentioning ;  and  he  put  sevoral  diaphragms^  ^  ke. 
of  thin  woollen  stuff  into  the  box,  and  moistened  them  with 
various  liquids.  He  found  nothii^  so  efiicacious  as  a  sobi- 
tion  of  potash.  We  now  understand  this  perfectly.  If 
the  sdution  is  not  already  saturated  with  fixed  air,  it  will 
take  it  up  as  fast  as  it  is  produced,  and  thus  will  purify 
the  lur :  a  sdution  of  caustic  alkali  therefore  will  have  this 
effect  till  it  is  rendered  quite  mild. 

These  experiments  have  been  repeated,  and  varied  in 
many  circumstances,  in  order  to  ascertain  whether  this  fix- 
ed  air  was  really  emitted  by  the  lungs,  or  whether  the  in^ 
spired  air  was  in  part  changed  into  fixed  air  by  its  combi- 
nation with  some  other  substance.  This  is  a  question  which 
comes  properly  in  our  way,  and  which  the  doctrines  of 
pneumatics  enable  us  to  answer.  If  the  fixed  air  be  emit- 
ted in  substance  from  the  lungs,  it  does  not  appear  how  a 
renewal  of  the  air  into  which  it  b  emitted  is  necessary :  for 
this  does  not  hinder  the  subsequent  emission  ;  and  the  bulk 
of  the  air  would  be  increased  by  breathing  in  it,  viz.  by  the 
bulk  of  all  the  fixed  air  emitted ;  but,  on  the  contiaiy,  it 
is  a  little  diminished.  We  must  therefcnre  adopt  the  other 
opinion ;  and  the  discoveries  in  modem  chemistry  enable 
us  to  give  a  pretty  accurate  account  of  the  whole  process. 
Fixed  air  is  acknowledged  to  be  a  compound,  of  which  one 
ingredient  is  found  to  constitute  about  ^  of  the  whole  at- 
mospheric fluid  ;  we  mean  vital  air  or  the  oxygen  of  La- 


PKEOMATICS. 


749 


Wtien  this  is  combined  witli  phlogiBlon,  accord- 
ing to  the  doctrine  of  Siahl,  or  with  charcoal,  according 
to  Lavoisier,  th«  result  is  fixed  air  or  carbonic  acid.  The 
change  therefore  which  breathing  makes  on  the  air  is  the 
Bohitinn  of  this  matter  by  vital  air;  and  the  use  of  air  it) 
breathing  is  the  carrying  off  this  noxious  principle  in  the 
way  of  solution.  When  therefore  the  air  is  already  so  for 
saturated  as  not  to  disuilvc  this  substance  as  fast  as  it  is  se-  < 
cretcd,  or  must  be  secreted  in  the  lungs,  the  animal  suffers 
the  pain  of  sufPiKation,  or  is  odierwise  mortally  aflected. 
Suffocation  is  not  the  only  consequence ;  for  we  can  remain 
for  a  number  of  seconds  without  breathing,  and  then  we 
beg^n  to  feel  the  true  pain  of  suffocation  ;  but  those  who 
have  been  instantaneously  struck  down  hy  an  inspiration 
of  fixed  air,  and  afterwards  recovered  to  life,  complained  of 
no  such  pain,  and  seemed  to  have  suffered  cliiefly  by  a  ner- 
vous affection.  It  is  said  (but  we  will  not  vouch  fur  the 
trutli  of  it),  that  a  person  may  safi'ly  take  a  full  inspiration 
of  fixed  air,  if  the  passages  of  the  nose  be  shut ;  and  (hat 
unless  these  nerves  be  stimulated  hy  the  fixed  air,  it  is  not 
'  instantaneously  mortal.  But  these  are  questions  out  of  our 
present  Une  of  inquiry.  They  are  questions  of  phy  wology, 
ttnd  are  treated  of  in  olher  works.  Our  business  is  to  vk- 
plain  in  what  manner  the  pressure  and  elasticity  of  the  air, 
combined  with  the  structure  and  mechanism  of  the  b>Kly, 
operate  in  producing  this  necessary  secretion  and  removal 
of  the  matter  discharged  from  tlie  lungs  in  the  act  of  | 
breathing.  > 

It  is  well  ascertained,  that  the  secretion  is  made  from  the 
mass  of  blood  during  its  passage  throu^  Uie  lungs.  Tlia 
blood  delivered  into  tiie  lungs  is  of  a  dark  blackish  colour, 
and  it  is  tliere  changed  into  a  florid  red.  In  tlie  lungs  it 
is  exposed  to  the  action  of  the  air  in  a  prodigiously  ex- 
tended surface :  for  the  lunge  conast  of  an  inconceivable 
number  of  small  vessels  or  bladders,  communicating  with 
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oblique  to  the  direction  of  the  circular  motion  which  it  pro- 
duces ;  from  which  circumstance  it  follows,  that  a  veiy  nn- 
nute  contraction  of  the  muscles  produces  all  the  moliaii 
which  is  necessary.  This  indeed  is  not  great ;  the  whole 
motion  of  the  lowest  ribs  is  less  than  an  inch  in  the  most 
violent  inspiration,  and  the  whole  contraction  of  the  mos- 
eles  of  the  12  ribs  does  not  exceed  the  eighth  part  of  aa 
indi,  even  supposing  the  intercostal  muscles  at  right  an|^ 
to  the  ribs;  and  being  oblique,  the  contraction  is  stiD 
less.  It  would  seem,  that  the  intenaty  of  the  contracdtt 
power  of  a  muscular  fibre  is  easily  obtmned,  but  that  the 
space  through  which  it  can  be  exerted  is  very  limited;  foi 
in  most  cases  nature  places  the  muscles  in  mtuations  6k 
great  medbanical  disadvantage  in  this  respect,  in  order  to 
procure  other  conveniences. 

But  this  is  not  the  whole  efiect  of  the  contractiaD  of  the 
intercostal  muscles :  ance  the  compound  action  of  the  two 
sets  of  muscles,  which  cross  each  other  from  rib  to  rib  like 
the  letter  X,  is  nearly  at  right  angles  to  the  rib,  but  is 
oblique  to  its  plane,  it  tends  to  push  the  ribs  closer  to  thdr 
articulations,  and  thus  to  press  out  the  two  {nllars  on  whidi 
they  are  articulated.  Thus,  suj^posing  a/* (Fig.  77.)  to  re^ 
present  the  section  of  one  of  the  vertebrae  of  the  spiae,  and 
cda,  section  of  the  sternum,  and  a  ft  c,  yV  d,  two  opponte 
ribs,  with  a  lax  thread  b  e  connecting  them.    If  this  thread 
be  pulled  upwards  by  the  middle  ^  till  it  is  tight,  it  will 
tend  to  pull  the  points  b  and  e  nearer  to  each  other,  and 
to  press  the  vertebra  af  and  the  sternum  c  d  outwarda 
The  spine  being  the  chief  pillar  of  the  body,  may  becon- 
sidered  as  immoveable  in  the  present  instance.     The  ster- 
num is  sufficiently  susceptible  of  motion  for  the  present 
purpose.     It  remains  almost  fixed  atop  at  its  articulation 
with  the  first  rib,  but  it  gradually  yields  below ;  and  thus 
the  capacity  of  the  thorax  is  enlarged  in  this  direction  also. 
The  whole  enlargement  of  the  diameters  of  the  thorax  dor- 
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iog  iQ^irAtioa  is  very  'small,  not  exceeding  the  fiftieth 
part  of  an  inch  in  ordinary  caaea.  This  is  easily  calcu- 
lated. Its  quiescent  capacity  b  about  two  cubic  feet,  and 
we  nerer  draw  in  more  than  15  inches.  Two  spheres^  one; 
of  whidi  holds  S  cubic  fact  and  the  other  9  feet  and  15 
indies,  will  not  differ  in  diameter  above  the  fiflieth  part  of 
an  inch. 

The  other  method  of  enlarging  the  capacity  of  tlie 
thorax  is  v%ry  different.  It  is  §eparated  from  the  abdtmiea 
1^  a  strong  muscular  partition  called  the  diaphragm^ 
vhich  IB  attaciied  to  firm  part^  all  around.  In  its  quiescent 
or  relaxed  state  it  is  considerably  convex  upwards,  thai  is, 
towards  tlie  thorax,  rising  up  into  its  cavity  like  the  boU 
torn  of  an  ordinary  quart  bottle,  only  not  so  regular  in  its 
diape.  Many  of  its  fibres  tend  from  its  middle  to  tlie  cir- 
cumference, where  they  are  inserted  into  firm  parts  of  tlie 
body.  Now  suppose  tliese  fibres  to  contract.  This  must 
draw  down  its  middle,  or  make  it  Hatter  than  before,  and 
thus  enlarge  the  capacity  of  the  thorax. 

Physiologists  are  not  well  agreed  as  to  the  share  which 
each  of  these  actions  has  in  the  operation  of  enlarging  the 
thorax.  Many  refuse  all  share  of  it  to  the  intercostal 
muscles,  and  say  that  it  ia  performed  by  the  diaphragm 
alone.  But  the  tact  is,  lliat  tlie  ribs  ore  really  obsen'ed  to 
rise  even  while  the  person  ia  asleep ;  and  this  cannot  pos- 
sibly be  produced  by  the  diaphragm,  as  these  anatomists 
assert.  Such  an  opinion  shows  either  ignorance  or  neglect 
of  tlic  laws  of  pneumatics.  If  the  capacity  of  the  thorax 
were  enlarged  only  by  drawing  down  the  diaphragm,  the 
pressure  of  tlte  air  would  compress  the  ribs,  and  make  them 
descend.  And  the  simple  laws  of  mechanics  make  it  a» 
evident  as  any  proposition  in  geometry,  that  the  contrao 
tion  of  the  intercostal  muscles  must  produce  on  elevation 
of  the  ribs  and  enlargement  of  the  tliorax ;  and  it  is  one  of 
the  mo*t  beautiful  contrivances  of  nature.  It  depends 
much  on  tlie  will  of  the  animal  what  sliare  each  of  these 
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actions  shall  have.  In  general,  the  greatest  part  is  done 
by  the  diaphragm ;  and  any  person  can  breathe  in  such  a 
manner  that  his  ribs  shall  remain  motionless ;  and,  on  the 
contrary,  he  can  breathe  almost  entirely  by  rainng  bia 
chest  In  the  first  method  of  breatlung,  the  bdlj  rises 
during  ins[nration,  because  the  ccmtraction  of  the  &m^ 
phragm  compresses  the  upper  part  of  the  bowels,  and  there- 
fore squeezes  them  outwards;  so  that  an  ignorant  person 
would  be  apt  to  think  that  the  breathing  was  performed  fay 
the  belly,  and  that  the  belly  is  inflated  with  the  air.  The 
strait  lacing  of  the  women  impedes  the  motion  of  the  ribs, 
and  changes  the  natural  habit  of  breathing,  or  brings  on 
an  unnatural  habit  When  the  mind  is  depressed,  it  b  ob- 
served  that  the  breathing  is  more  performed  by  the  nmsdes 
of  the  thorax ;  and  a  deep  sigh  is  always  made  in  this 
way. 

These  observations  on  the  manner  in  which  the  capacitf 
of  the  chest  can  be  enlarged  were  necessary,  before  we  ean 
acquire  a  just  notion  of  the  way  in  which  the  mechanical 
properties  of  air  operate  in  applying  it  to  the  mass  of  blood 
during  its  passage  through  the  lungs.  Suppose  the  tho- 
rax quite  empty,  and  communicating  with  the  external  air 
by  means  of  the  trachea  or  windpipe,  it  would  then  re- 
semble a  pair  of  bellows.  Raising  the  boards  oorresponda 
to  the  riuang  of  the  ribs ;  and  we  might  imitate  the  acdoa 
of  the  diaphragm  by  forcibly  pulling  outwards  the  folded 
leather  which  unites  them.  Thus  their  capad^  is  enlarg- 
ed, and  the  air  rushes  in  at  the  nozzle  by  its  weight  in  the 
same  manner  as  water  would  do.  The  thorax  differs  firam 
bellows  only  in  this  respect,  that  it  is  filled  by  the  lungs, 
which  is  a  vast  collection  of  little  bladders,  like  the  holet 
in  a  piece  of  fermented  bread,  all  communicating  with  the 
trachea,  and  many  of  them  with  each  other.  When  the 
chest  is  enlarged,  the  air  rushes  into  them  all  in  the  same 
manner  as  into  the  single  cavity  of  an  empty  thorax.  It 
cannot  be  said  with  propriety  that  they  are  inflated :  all 
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that  iR  done  is  ihc  oUoaHn^  the  (ur  to  cutni;  in.  At  the 
same  time,  a.9  their  meinbrBnuii«  covenng  must  have  tame 
thickness,  however  amoU,  and  si>me  etaalicity,  it  is  not  un- 
likely that,  when  compressed  by  expirnticm,  Uiey  tend  a 
little  to  recover  their  Ibnuer  shape,  and  thu?  aid  tlie  vohin- 
tary  action  of  the  muscles.  It  is  in  this  manner  that  a 
small  bladder  of  caoutchouc  swells  again  after  compres- 
sion, and  fills  itself  with  air  or  water.  But  thi»  cannot  hap- 
pen except  in  the  most  minute  vesicles :  those  of  sensible 
hulk  have  not  elasticity  enough  tiir  this  purpose.  The 
lungs  of  birds,  however,  have  some  very  large  bladders, 
which  have  a  very  conuderable  elastidty,  and  recover  their 
shape  and  size  with  great  force  after  compression,  and  thus 
fill  themselves  with  air.  The  respiration  of  these  animals 
is  considerably  dilTerent  from  that  of  land  animals,  and 
their  muscles  act  chiefly  in  expiration.  This  will  be  ex- 
pUuned  by  and  by  as  a  curious  variety  in  the  pneumatic 
instrument. 

This  account  of  tlie  manner  in  which  tlie  lungs  are  fill- 
ed with  air  does  not  seem  agreeable  to  the  notions  we  en* 
tertain  of  it.  Wc  seem  to  suck  in  the  air ;  but  altliough 
it  be  true  that  we  act,  and  exeit  force,  in  order  to  get  air 
into  our  lungs,  it  is  not  by  our  action,  but  by  external 
pressure,  that  it  does  come  in.  If  we  apply  our  moutli  to 
the  top  of  a  bottle  filled  with  water,  we  find  (hat  no  draught, 
as  we  call  it,  of  our  chest  will  suck  in  any  of  the  water; 
but  if  wc  suck  in  the  very  same  manner  at  the  end  of  a 
pipe  immersed  in  water,  it  follows  immediately.  Our  inter- 
est in  the  thing  mokes  us  connect  in  imagination  unr  own 
action  witli  the  effect,  without  thinking  on  the  many  steps 
wJueh  may  intervene  in  the  train  of  natural  operations; 
Gon^der  tlie  action  as  the  immediate  cause  of  the 
■ptionitiio  the  lungs,  It  is  as  if  we  opened  the  door, 
ik  ill  by  the  hand  a  {Mirson  who  was  really  pushed 
in  by  the  crowd  wiihoul.  If  on  inciaon  be  made  into  the 
Aide  of' the  thorax,  w  thai  the  air  can  get  in  by  that  way, 
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when  the  animal  acts  in  the  usuaL  manner^  theairwiUrtaU 
ly  come  in  by  tUs  hok^ondfiU  die  qfiaoeJbetween the  loogs 
and  thorax;  but  no  air  is  sucked  ndo  die  longa  by  tlai 
process^  and  tbeanimalisasoonqiletelysiiflfocatedas  iftke 
windpipe  n^ere  shut  up.  And,  on  die  other  hood,  if  a  hofe 
be  made  into  the  lungs  without  aanmnrncaHny  wididift 
thorax,  the  animal  will  breathe  through  thia  hole^  though 
the  windppe  be  sto|>ped.  This  n  suoceasfully  pcrfiKiDad 
in  cases  of  patients  whose  tradiea  is  shut  iqiby  iM»dentar 
by  inflammation ;  only  it  is  necessary  that  thia  pttfiapalion 
be  made  into  a  part  of  the  lui^  where  it  wmbj  meet  widi 
some  of  the  great  pulmonary  passages ;  fior  if  nnde  imo 
some  remote  part  of  a  lobe,  the  nr  dumot  find  its  way 
into  the  rest  of  the  lungs  through  such  narrow  piissagf  s,  db* 
structed  too  by  blood,  8ks. 

We  have  now  exjdained,  on  pneumatical  principles,  the 
process  of  ins^nration.  The  expiration  is  chiefly  pcifonned 
by  the  natural  tone  of  the  parts.  In  the  act  of  inqpiradcn 
the  ribs  were  raited  and  drawn  outwards  in  opporition  to 
the  elasticity  of  the  solids  themselves ;  for  although  the 
ribs  are  articulated  at  their  extremities,  the  articulations 
are  by  no  means  such  as  to  give  a  free  and  easy  motion 
like  the  joints  of  the  limbs.  This  is  pardcuhnty  the  case 
in  the  articulations  with  the  sternum,  which  are  by  no 
means  fitted  for  motion.  It  would  serai  that  die  modon 
really  produced  here  is  chiefly  by  the  3rieldiiig  of  the  car* 
tilaginous  parts  and  the  bending  of  the  rib ;  when  there- 
fore the  muscles  which  produced  this  efect  are  allowed  to 
relax,  the  ribs  again  collapse.  Perhaps  this  is  asasted  a 
little  by  the  action  of  the  long  muscles  which  come  down 
across  the  ribs  without  bmng  inserted  into  them.  These 
may  draw  them  together  a  litde,  as  we  compress  a  looie 
bundle  by  a  string. 

In  like  manner,  when  the  diiqphragm  was  drawn  down, 
it  compressed  the  abdomen  in  opposition  to  the  elasticity  of 
all  the  viscera  contained  in  it,  and  to  the  elasticfty  and 
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loae  of  Uie  U^uneuts  and  muscles  which  surround  it. 
When  theKf<H%  Uie  diaphragm  is  relaxed,  these  parts  puah 
it  up  again  into  its  natural  situation,  and  m  doing  tliift  ex- 
pel the  air  from  the  lungs. 

If  this  be  a  just  account  of  the  matter,  expiration  should 
be  performed  witliout  any  citbrt.  This  accordingly  is  the 
case.  We  feel  that,  after  having  made  an  ordinary  easy 
inspiration,  it  requires  the  continuance  of  the  eflurt  to  keep 
the  thorax  in  this  enlarged  state,  and  that  all  thai  is  neces- 
sary for  expiration  is  to  cease  to  act.  No  person  feels  any 
difticulty  in  emptying  the  lungs ;  but  weak  people  often 
feel  a  difKculty  of  inspiration,  and  compare  it  to  the  feeling 
of  a  weight  on  their  breast ;  and  expiration  is  the  last  mo> 
tjon  of  the  thorax  in  a  dying  person. 

But  nature  has  alio  given  us  a  niechanbm  by  which  «• 
can  ex{ure,  namely,  the  abdominal  muscles ;  and  when  w« 
ban  finished  an  ordinary  and  easy  expiration,  wc  con  still 
expel  a  considerable  bulk  of  air  (nearly  half  nf  the  contents 
of  the  lungs)  by  contracting  the  abdominal  muscles.  Thes^ 
hy  compressing  the  body,  force  up  its  moveable  contents 
against  the  diaphragm,  and  cause  it  to  rise  further  into  the 
thorax,  acting  in  the  same  manner  as  when  wo  expel  llie 
&Ke3per  anum.  When  a  person  breathes  out  as  mucb 
air  as  he  can  in  this  manner,  ho  may  observe  that  bis  ribs 
do  not  collapse  during  the  wholo  operalion. 

There  seems  thi-n  to  bo  a  certain  natural  unconstrained 
elate  of  the  vesicles  of  the  lungs,  and  a  certain  quantity  of 
«ir  necessary  for  keeping  them  of  this  size.  It  ia  probable 
that  this  state  of  the  lungs  gives  the  freest  motion  to  the 
lilood.  Were  lliey  more  compressed,  the  hlood-vesseb 
would  be  compressed  by  the  adjoining  vesicles ;  were  they 
more  lax,  the  vessels  would  be  more  crooked,  and  by  this 
means  obitLructed.  The  frequent  inspirations  gradu^y 
change  this  air  by  mixing  fresh  air  with  it,  and  ut  e%*ery 
expiration  carrying  off  some  of  it.  In  catarrhs  and  in. 
flammations,  especially  when  attended  with  suppuration, 
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the  smatl  passages  into  the  remote  vcwfeh  are  obstrnctedj 
and  thus  the  renewal  of  ^r  in  them  will  be  prevented  The 
painfiil  feeling  which  this  ooeaskms  causes  us  to  expd  the 
fur  with  violence,  shutting  the  windpipe,  till  we  hsfe  ex- 
erted strongly  with  the  abdomhkal  muscks^  and  made  a 
strong  compression  on  the  lower  part  of  the  thorax.  We 
then  open  the  passage  suddenly,  and  expiel  the  air  and  ob- 
structing matter  by  violent  coughii^. 

We  have  said,  that  birds  exhibit  a  curious  variety  in  the 
jNTooess  of  breathing.  The  muscles  of  their  wings  bdi^ 
so  very  great,  required  a  very  extensive  insertion,  and  this 
is  one  use  of  the  great  breast-bone.  Another  use  of  it  is, 
to  form  a  firm  partition  to  hinder  the  actioo  cf  these  muscles 
fiom  compressing  the  thorax  in  the  act  of  flying:  therefore 
the  form  of  their  chest  does  not  admit  of  alternate  eiilaige- 
ment  and  contraction  to  that  d^ree  as  in  land  animak 
Moreover,  the  muscles  of  thdr  abdomen  are  also  very 
small ;  and  it  would  seem  that  they  are  not  soflkient  for 
producing  the  compresnon  on  the  bowels  which  is  neces- 
sary for  carrying  on  the  process  of  concoction  and  digestioQ. 
Instead  of  aiding  the  lungs,  they  receive  help  from  them. 

In  an  ostrich,  the  lungs  oonast  of  a  fleshy  part  A,  A 
(Fig.  78.),  composed  of  vesicles  like  those  of  land  animals, 
and,  like  theirs,  serving  to  expose  the  blood  to  the  action 
of  the  air.  Beades  these,  they  have  on  eadi  side  four 
large  bags  B,  C,  D,  £,  each  of  which  has  an  orifice  G 
communicating  with  the  trachea ;  but  the  second,  C,  has 
also  an  orifice  H,  by  which  it  communicates  with  another 
bag  F  situated  below  the  rest  in  the  abdomen.  Now,  when 
the  lungs  are  compressed  by  the  action  of  the  diaphragm, 
the  air  in  C  is  partly  expelled  by  the  trachea  through  the 
orifice  G,  and  partly  driven  through  the  orifice  H  into  the 
bag  F,  which  is  then  allowed  to  receive  it ;  because  the 
same  action  which  compresses  the  lungs  enlarges  the  abdo* 
men.  When  the  thorax  is  enlarged,  the  bag  C  is  partly 
supplied  with  fresh  air  through  the  trachea,  and  partly 
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F.  As  the  luDgs  of  other  animals  resemble 
bellows,  the  lungs  of  birds  resemble  the  smilh'* 
bfUows  with  n  partition ;  and  anatomists  have  discovered 
pafisages  from  this  part  of  the  lunge  iiilo  their  hollow  bonea 
and  quills.  Wc  do  not  know  all  the  uses  of  this  contriv- 
ance ;  and  only  can  observe,  that  this  alternate  action  must 
assist  llie  muscles  of  the  abdomen  in  promoting  the  iiiolioa 
of  the  food  along  tlie  alimentary  canal,  &c.  We  can  dis- 
tinctly observe  in  birds  that  tlietr  belly  dilates  when  the 
cheat  collapses,  and  vke  versa,  contrary  to  what  we  ace  in 
the  land  animals.  Another  use  of  tiiis  double  passage 
may  be  to  produce  a  circulation  of  air  in  the  lungs,  by 
which  a  compensation  is  made  for  the  smaller  surl'ace  of 
action  on  the  blood :  for  the  number  of  ^intdl  vesicles,  uf 
equal  capacity  with  tiiese  large  bags,  gives  a  much  more 
extensive  surface. 

if  we  try  to  raise  murctiry  in  a  pipe  by  the  action  of  th« 
diest  alone,  wc  cannot  raise  it  above  two  or  three  inches ; 
and  the  attempt  is  both  painful  and  hazardous.  It  is  ptun- 
ful  chiefly  in  the  breasi,  and  it  provokes  coughing.  Pn> 
bably  the  tlnids  ooze  through  the  pores  of  the  vcsiclet>  by 
the  pressure  of  the  surrounding  partj<. 

On  tl]c  other  hand,  we  can  by  expiraUon  suppoct  mcr- 
cury  about  f ve  or  six  inches  high:  but  tliis  also  is  very 
painful,  and  apt  to  produce  extravasation  of  blood.  This 
seems  to  be  done  entirely  by  the  abdominal  muscles. 

The  operation  properly  termed  eni-.KiNU  is  totally  difivr- 
ent  from  breathing,  and  resembles  exceedingly  the  action 
of  A  common  pump.  (Suppose  a  pi[>e  held  in  the  mouth, 
and  iu  lower  end  immers(.-d  in  water.  We  fill  the  mouth 
with  the  tongue,  bringing  it  forward,  and  applymg  it  clo.*e- 
ly  to  Ihe  teeiii  and  lo  the  palate ;  wc  then  draw  it  back,  <tr 
bend  it  downwards  (behind)  I'rum  llic  palate,  thus  leaving 
a  void.  The  pressure  of  the  air  on  the  dieeks  immediale- 
ly  depresses  them,  and  applies  them  close  to  the  gums  and 
tevtli ;  and  its  pressure  on  the  water  in  the  vessel  causes  it 
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to  riik  thioiigb  the  pipe  into  die  eblpty  part  of  the  mauth, 
wUdi  it  quidkl J  fiUi.    Wethenptiihfbnmrddietipofthe 
tongue,  bdow  the  water,  to  the  teeth,  and^iplj  it  to  them 
all  round,  the  water  beuig  above  die  tcp^gue,  mtitk  is  kept 
much  depressed.    We  theni^ly  the  tongue  tothepalate, 
banning  at  the  tip^  and  gradually  going  badcwaid  in  tlus 
ap^icaticm.    By  thie  means  tlie  water  b  gimdually  fivoed 
badcword  by  an  operation  similar  to  that  of  the  guUetia 
swallowing.   Thb  is  done  fay  ooutnscting  tfao  gullet  dxyre^ 
and  relaxing  it  below,  just  as  we  would  emp^  •  got  of  its 
contents  by  drawing  our  closed  hand  doi^  it.    By  this 
operation  the  mouth  is  again  completely  occupied  by  the 
tongue,  and  we  are  ready  tar  lepeathig  the  operation. 
Thus  the  mouth  and  tongue  resemble  the  barrel  andputon 
ofapump;  and  the  application  of  the  tip  of  the  tongoe  to 
the  teeth  performs  the  office  of  the  vatve  at  the  bottom  of 
the  band,  preventing  the  return  of  die  wateit^  into  the  pipe. 

Although  usual,  it  is  not  absolutely  neoessaiy  to  widi- 
draw  the  tip  of  the  tongue,  making  a  void  befixe  the 
tongue.  Sucking  may  be  perfinrmed  by  merely  separatiag 
the  tongue  gradually  from  the  palate^  beginning  at  the  root. 
If  we  withdraw  the  tip  of  the  tongue  a  very  minute  quan- 
tity, the  water  gets  in  and  flows  back  above  the  tongue. 

The  action  of  the  tongue  in  this  operation  is  ver^  power- 
ful ;  some  persons  can  raise  mercury  ft8  inches :  but  this 
strong  exertion  is  very  fatiguing,  and  die  soft  parte  are 
prodigiously  swelled  by  it.  It  causes  the  Uood  to  ooze 
plentifiilly  through  the  pores  of  the  tongue,  fiuices,  and 
palate,  in  the  same  manner  as  if  a  cupping-glass  and  sy- 
ringe were  applied  to  them ;  and,  when  the  inside  of  the 
mouth  is  excoriated  or  tender,  as  is  frequait  with  infimti, 
even  a  very  moderate  exertion  of  this  kind  is  accompanied 
with  extravasation  of  blood.  When  children  suck  the 
nurse^s  breast,  the  milk  follows  their  exertion  by  the  pres- 
sure of  the  air  on  the  breast ;  and  a  weak  diild,  or  one 
that  withholds  its  exertions  on  account  of  pain  from  the 


aboT&Juentumcd  cause,  may  be  as^sted  by  a  gefltlc  pre*- 
sure  of  the  band  on  the  breast :  the  infant  pupil  of  nature, 
witliuut  any  knowledge  of  pueunmtic^,  fVe(|LicnLly  lielpd  it- 
self by  pressing  its  face  to  tite  yielding  breaet. 

In  the  wbttte  of  this  operation  the  breathing  is  perform- 
ed through  the  nostrila ;  and  U  U  a  prodigious  distress  to 
on  infant  when  tliis  passage  is  obstructed  by  muuus.  We 
beg  to  be  forgiven  for  observing  by  the  way,  that  Uiis  ob- 
struction may  be  almost  certainly  removed  for  ahttle  while, 
by  rubbing  the  child's  nose  witli  any  liquid  of  quick  era- 
poration,  or  even  with  water. 

The  u[>eratton  in  drinking  is  not  very  different  from  that 
in  sucking:  we  have  indeed  httle  oocoaion  liere  to  suck, 
but  VB  must  do  it  a  little.  Dogs  and  Eome  other  luiim^s 
cannot  drink,  but  only  lap  the  water  into  their  mouths  with 
their  tongue,  and  then  swallow  it.  The  gallinaceous  birds 
seem  to  drink  very  imperfectly  ;  they  seem  merely  lo  dip 
their  head  into  the  water  up  to  the  eyes  till  their  mouth  is 
filled  with  water,  and  then  holding  up  the  head,  it  gets  in- 
to Uic  gullet  by  its  weight,  and  is  then  swallowed.  The 
elephant  drinks  in  a  very  comphcated  manner;  he  dipshis 
trunk  into  tlie  water,  and  ^lls  it  by  making  a  void  in  his 
moutii :  this  be  does  in  the  contrary  way  to  man.  After 
having  depressed  his  tongue,  he  begins  Uie  ^iphcation  of 
it  to  tile  palate  at  the  root,  and  by  extending  the  t^plica- 
tion  forward,  be  expels  llie  air  by  tlie  mouth  which  came 
into  it  from  the  trunk.  The  process  here  is  nut  v&y  un- 
like that  of  the  condensing  syiinge  witJiout  a  piston  valve, 
formerly  described,  in  which  tlie  external  air  (correspond- 
ing here  to  the  air  in  tlie  trunk)  enters  by  the  hole  F  in  the 
ude,  and  i»  espcUed  through  the  hole  in  the  end  of  tJie  bar* 
rrl ;  by  Iliis  operation  the  trunk  is  filled  witli  water :  tlien  he 
hftshis  trunk  out  of  the  water,  and  bringing  it  to  his  mouth, 
pours  tlie  contents  Into  it,  and  swallows  it.  On  considering 

I  i^ieration,  it  appears  that,  by  tlie  BOine  process  by 
b  tlic  air  of  the  trunk  is  taken  into  tlic  mouth,  the  wa- 
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ter  could  also  be  taken  in,  to  be  afterwards  swallowed :  but 
we  do  not  find,  upon  inquiry,  that  this  is  done  by  the  de^ 
phant ;  we  have  always  observed  him  to  drink  in  the  man- 
ner now  described.  In  either  way  it  is  a  double  operatioD, 
and  cannot  be  carried  on  any  way  but  by  alternately  suck- 
ing and  swallowing,  and  while  one  operation  is  going  on 
the  other  is  interrupted ;  whereas  man  can  do  both  at  the 
same  time. 

There  is  an  operation  nmilar  to  that  of  the  elephant, 
whidi  many  find  a  great  difficulty  in  acquiring,  vis.  keep- 
ing up  a  continued  blast  with  a  blow-pipe.  We  would  de- 
mte  our  chemical  reader  to  attend  minutely  to  the  gradual 
action  of  his  tongue  in  sucking,  and  he  will  find  it  such  as 
we  have  described.  Let  him  attend  particularly  to  the 
way  in  which  the  tip  of  the  tongue  performs  the  office  oft 
valve,  preventing  the  return  of  the  water  into  the  jnpe; 
the  same  position  of  the  tongue  would  hinder  air  from 
coming  into  the  moutli.  Next  let  him  observe,  that  in 
swallowing  what  water  he  has  now  got  lodged  above  his 
tongue,  he  continues  the  tip  of  the  tongue  applied  to 
the  teeth ;  now  let  him  shut  his  mouth,  keeping  his  lips 
firm  together,  the  tip  of  the  tongue  at  the  teeth,  and  the 
whole  tongue  forcibly  kept  at  a  distance  from  the  palate; 
bring  up  the  tongue  to  the  palate,  and  allow  the  tip  to  se- 
parate a  little  from  the  teeth ;  this  will  expel  the  air  into 
the  space  between  the  fauces  and  cheeks,  and  will  blow 
up  the  cheeks  a  little :  then,  acdng  with  the  tip  of  the 
tongue  as  a  valve,  hinder  this  air  from  getting  back,  and 
depressing  the  tongue  again,  more  air  (from  the  nostrils) 
will  get  into  the  mouth,  which  may  be  expelled  into  the 
space  without  the  teeth  as  before,  and  the  cheeks  will  be 
more  inflated :  continue  this  operation,  and  the  lips  will  no 
longer  be  able  to  retain  it,  and  it  will  ooze  through  as  long 
as  the  operation  is  continued.  When  this  has  become  fa- 
miliar and  easy,  take  the  blow-pipe,  and  tliere  will  be  no 
difficulty  in  maintaining  a  blast  as  uniform  as  a  smith's  bel- 
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lows,  brcalliing  all  tlie  while  through  (he  DuBtrJIs.  Thv 
only  difBculty  is  the  lioMing;  the  pipe :  this  futiguea  the 
lips  i  but  it  may  be  removed  by  giving  the  pipe  a  cutive- 
nient  shape,  a  pretty  ilat  oval,  and  wrapping  it  ruund  with 
leather  or  thread. 

Another  phenotnption  depending  on  the  principles  rU 
ready  established,  is  the  land  and  eea-breeic  to  the  wantl 
countries.  • 

Wo  have  seen  that  air  expands  exceedingly  by  beat';t 
therefore  heated  air,  being  lighter  than  an  equal  bull<  of 
cold  air,  must  rise  in  it.  If  we  lay  a  hot  stone  in  tlie  sun-^ 
shine  in  a  room,  we  shall  observe  the  shadow  of  the  sionv 
surrounded  with  a  fluttering  shadow  of  difii^renl  degri!c?s  of 
brightness,  end  that  this  flutter  rises  rapidly  in  a  coluniip 
above  the  stone.  If  we  hold  ao  extinguished  candle  near 
the  stone,  we  shall  sec  the  smoke  move  towards  the  stone, 
and  then  ascend  up  from  it.  Now,  suppose  an  island  r&> 
ceiving  tiie  first  rays  of  the  sun  in  a  perfectly  cairn  morn- 
ing; the  ground  will  soon  be  warmed,  and  will  warm  lite 
contiguous  air.  If  the  island  be  niountaitKiiis,  this  effect 
will  be  more  remarkable ;  l>ccaiisc  the  inclined  sides  of  tha 
hills  will  receive  the  light  more  directly  :  the  midland  ais 
will  therefore  be  most  wanned  :  tlie  heated  air  will  rise, 
and  that  in  Uie  middle  will  rise  fastest :  and  tlius  a  current 
of  ur  upwards  will  begin,  which  must  be  suppUed  by  ait 
coming  in  from  all  sides,  to  be  heated  and  to  rise  in  its 
turn;  and  thus  the  morning  Sfa-brcexe  is  produced,  and 
continues  all  day.  This  current  will  frequently  be  reversed 
during  the  night,  by  the  air  cooling  and  gliding  down  the  : 
ndes  of  the  lulls,  and  we  shall  have  the  latut-lreeae.  \ 

It  is  owing  to  the  same  cause  that  we  have  a  circulatiaB   4 
of  air  in  mines  which  have   the  mouths  of  their  shafts  (tf   ' 
unecjual  hdghts.     The  temperature  underground  is  pretty 
constant  through  tlie  whole  year,  while  that  vf  the  atmi^ 
sphere  is  extremely  variable.    Now,  suppose  a  mine  having 
a  long  horizontal  drift,  communicating  between  two  pits 


764  PMSDMATICt. 

or  ahafUy  imd  thiNt  (Mie  pf  these  AsfU  tenoin^ 
while  the  other  ppeiis  on  the  htow  of  a  hill  pertMqpt  100 
feet  higher.  Let  us  further  suppose  it  summer,  nd  the 
air  heated  to  6S^»  while  die  temperature  of  the  eaiftk  is  hut 
iff';  this  last  will  be  also  the  temperature  of  the  air  in  the 
shafts  and  tbe  drift  >  Now,  since,  air  eipands  nearfy  84 
parts  in  10,000  by  one  degree  of  heat,  we  shall  have  an 
odds  of  pressure  at  the  bottom  of  the  two  shafts  equal  to 
nearly  the  20th  part  of  the  weight  of  a  column  c^  air  100 
fisetlugh  (100  feet  b^g  suf^xMed  the  difference  of  the 
heights  of  the  shafts).  This  will  be  dmit  six  ounces  on 
eyery  square  foot  of  the  section  of  the  shaft  If  this  pR»i 
sure  could  be  omtinued,  it  would  produce  a  prodigious 
current  of  air  down  the  long  shaft,  alqagthe  drift,  and  up 
the  short  shaft  The  weight  ftf  the  air.  acting  through  100 
feet  would  communicate  to  it  the  velocity  ofSOfeetjMr 

second :  divide  this  by  VflO,  that  is,  by  4,5^  and  we  shsll 
hirre  18  feet  per  second  lor  the  velocity :  this  ia  the  ycIo- 
city  of  what  is  called  a  brisk  gale.  Tius  pressure  w(mld  be 
continued,  if  the  warm  air  which  enters  the  long  shaft  were 
cooled  and  condensed  as  £euit  as  it  comes  in ;  but  this  is 
not  the  case.  li  is  however  cooled  and  condensed,  and  a 
current  is  produced  sufficient  to  make  an  abundant  circu- 
lation of  air  along  the  whole  passage;  and  care  is  tiken  to 
dispose  the  shafU  and  conduct  the  passages  in  sud|  a  man* 
ner  that  no  part  of  the  mine  is  out  of  the  circle.  When 
any  new  lateral  drift  is  made,  the  renewal  of  air  at  its  ex* 
tremity  becomes  move  imperfect  as  it  advances;  and  when 
it  is  carried  a  certain  length,  the  air  stagnates  and  becomes 
suffocating,  till  ^ther  a  communication  can  be  made  with 
the  rest  of  the  mine,  or  a  shaft  be  made  at  the  end  of  this 
drift. 

As  this  current  depends  entirely  on  the  difference  of 
temperature  between  the  air  below  and  that  above,  it  must 
cease  when  this  difference  ceases.  Accordingly,  in  the 
qpring  and  autumn,  the  miners  complain  much  of  stagna- 
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t  but  in  ninmer  they  never  wmt  b  carmit  rrmn  the 
dnp  pits  to  the  shollon',  nor  in  the  winter  a  current  fruin 
the  diallow  pits  to  Uie  deep  ones.     It  fre()uently  happens  ' 

,  that  in  mineral  countries  the  chemical  changes  which 
are  going  on  in  different  parts  of  the  earth  make  differ*   I 
ences  of  temperature  sufficient  to  produce  a  sensible  currenC 

It  is  easy  (o  see  that  the  satnc  causes  roust  produce  a 
current  down  our  chimneys  in  summer.  The  chimney  is 
colder  than  the  summer  air,  and  must  therefore  condense 
il,  and  it  will  come  down  and  run  out  at  the  doors  and 
windows. 

And  this  naturally  leads  ua  to  consider  a  very  important 
effect  of  tlie  cxpannon  and  consequent  ascent  of  air  by  beat, 
namely,  the  drawing  (as  it  is  called)  of  chimneys.  The 
air  which  has  contributed  to  the  burning  of  fuel  must  be 
intensely  heated,  and  will  rise  in  the  atmosphere.  This 
inll  also  be  the  case  with  much  of  the  surrounding  air  which 
has  come  very  near  the  fire,  although  not  in  contact  with 
it.  If  this  healed  air  be  made  to  rise  in  a  pipe,  it  will  be 
kept  together,  and  therefore  will  not  soon  cool  and  collapse ; 
thus  we  shall  obtain  a  long  column  of  light  air,  which  will 
rise  with  a  force  so  much  the  greater  as  the  column  is  longer 
or  more  heated.  Therefore  the  taller  we  make  the  chim- 
ney, or  the  hotter  we  make  the  fire,  the  more  rapid  will  be 
the  current,  or  the  draught  or  suction,  as  it  is  injudicious- 
ly called,  will  be  so  much  the  greater.  The  ascenBionol 
fores  is  the  difference  between  tlie  weight  of  the  column  of 
helted  air  in  the  funnel  and  a  column  of  the  surrounding 
oUnospbere  of  equal  hnght.  We  increase  the  draught, 
tberefbre,  by  increasing  the  perpendicular  height  of  the 
chimney.  Its  length  in  a  horizontal  direction  gives  no  iAl 
crease,  but,  on  the  contrary,  diminishes  the  draught,  fa^ 
r  before  il  Ctts  into  llie  effective  p 


cooUng  the  a 
tamel.     We 
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the  draught  also  by  obliging  all  the 
hich  enters  the  chimney  to  come  vory  near  the  fuel  t 
e  a  low  mantle-piece  will  produce  litis  effect ;  also 
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filling  up  all  the  spaces  on  each  mde  of  the  grate.  When 
much  air  gets  in  above  the  fire,  by  having  a  lofty  mantle- 
piece,  the  general  mass  of  air  in  the  chimney  cannot  be 
much  heated.  Hence  it  must  happen  that  the  greatest 
draught  will  be  produced  by  bringing  down  the  mantle- 
jmce  to  the  very  fuel ;  but  this  converts  a  fire-place  into 
a  furnace,  and  by  thus  sending  the  whole  lur  through  the 
fuel,  causes  it  to  bum  with  great  rigidity,  producing  a 
prodi^ous  heat;  and  this  producing  an  increase  of  ascen- 
sional force,  the  current  becomes  furiously  rapid,  and  the 
heat  and  consumpUcm  of  fuel  immense.  If  the  fire-place 
be  a  cube  of  a  foot  and  a  half,  and  the  fixmt  closed  by  a 
door,  so  that  all  the  air  must  entor  through  the  bottom  of 
the  grate,  a  chimney  of  15  or  20  feet  high,  and  sufficiently 
wide  to  give  passage  to  all  the  expanded  air  which  can  pass 
through  the  fire,  will  produce  a  current  which  will  roar  like 
thunder,  and  a  heat  sufficient  to  run  the  whole  inside  into 
a  lump  of  glass. 

All  that  is  necessary,  however,  in  a  chamber  fire-place, 
is  a  current  sufficiently  great  for  carrying  up  the  smoke 
and  vitiated  air  of  the  fuel.  And  as  we  want  also  the  en- 
livening flutter  and  light  of  the  fire,  we  give  the  chimney- 
piece  both  a  much  greater  height  and  width  than  what  is 
merely  necessary  for  carrjring  up  the  smoke,  only  wishing 
to  have  the  current  sufficiently  determinate  and  steady  for 
counteracting  any  occasional  tendency  which  it  may  some- 
times have  to  come  into  the  room.  By  allowing  a  greater 
quantity  of  air  to  get  into  the  chimney,  heated  only  to  a 
moderate  degree,  we  produce  a  more  rapid  renewal  of  the 
air  of  the  room :  did  we  oblige  it  to  come  so  much  nearer 
the  fire  as  to  produce  the  same  renewal  of  the  air  in  conse- 
quence of  a  more  rapid  current,  we  should  produce  an  in- 
convenient heat.  But  in  this  country,  where  piUooal  is  in 
general  so  very  cheap,  we  carry  this  indulgence  to  an  ex- 
treme ;  or  rather,  we  have  not  studied  how  to  get  all  the 
desired  advantages  with  economy.     A  mudi  smaller  pe- 
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newal  of  air  than  we  commonly  produce  is  abundantly 
wholesome  and  pleasant,  and  we  may  have  all  the  pleasure 
of  the  light  and  Hame  uf  the  fuel  at  much  less  expense,  by 
contracting  greatly  the  passage  into  the  vent.  The  best 
way  of  doing  this  is  by  contracting  the  brick-nork  on  each 
side  behind  the  manile-piece,  and  reducing  it  to  a  narrow 
parallelogram,  having  the  back  of  the  vent  for  one  of  its 
long  sides.  Make  an  iron  plate  to  fit  this  hole,  of  the  same 
length,  but  broader,  so  that  it  may  lie  sloping,  its  lower 
edge  being  in  contact  with  the  foreside  uf  the  hole,  and  its 
upper  edge  leaning  on  the  back  of  the  vent.  In  this  posi- 
tion it  shnts  the  hole  entirely.  Now  let  the  plate  have  a 
hinge  along  tlie  front  or  lower  edge,  and  fold  up  likt  the 
lid  of  a  chest.  Wc  shall  thus  be  able  to  enlarge  the  pas- 
sage at  pleasure.  In  a  fire-place  fit  fur  a  room  of  Si  feet 
by  18,  if  this  plate  may  be  about  18  inches  long  from  side 
to  Bide,  and  folded  back  within  an  inch  or  an  inch  and  A 
half  of  the  wall,  this  will  allow  passage  for  as  much  air  aa 
will  keep  up  a  very  cheerful  fire ;  and  by  raising  or  lower- 
ing this  HEOisTEB,  the  fire  may  be  made  to  bum  more  or 
less  rapidly.  A  free  passage  of  half  an  inch  will  be  sufti- 
cient  in  weather  that  is  not  immoderately  cold.  The  prin-  ' 
ciple  on  which  this  construction  produces  its  effect  is,  that  • 
the  air  which  is  in  the  front  of  the  fire,  and  much  warmed 
by  it,  is  not  allowed  to  get  into  the  chimney,  where 
it  would  be  immediately  hurried  up  the  vent,  but  rise»  • 
up  lo  the  ceiling,  and  is  diffused  over  the  whole  room^  ' 
This  double  motion  of  the  air  may  be  distinctly  observed  i 
by  openuig  a  liiile  of  the  door  and  holding  a  candle  in  the 
way.  If  the  candle  be  held  near  the  floor,  the  flame  will 
be  blown  into  the  nxim  ;  but  if  held  near  tlic  toji  of  llie 
door,  the  flame  will  be  blown  outward. 

fiut  the  most  perfect  method  of  warming  an  apartment  in:  . 
these  temperate  climates,   wliere  we  can  indidge  in  tlie  ' 
cheerfulness  and  sweet  air  produced  by  an  open  tire,  i> 
what  we  call  a  stove-grate,  and  our  neighbours  on  the  cou< 
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tikienteaUachapdle,  from^Us  res^&blaiioe  to  Ibe  cfatpek 
or  oratories  in  the  great  churches. 

In  the  great  chimney-piece,  which,  in  this  case^  maj  be 
Blade  even  larger  than  ordinary,  is  set  a  smaller  eiie  fitted 
up  in  the  same  style  of  ornament,  but  of  a  nae  no  greater 
than  is  sufficient  for  holding  the  fuel.  The  sulea  and  hack 
<»f  it  are  made  of  iron  (cast  iron  is  preferable  to  hammwrd 
iiOD,  because  it  does  not  so  readily  caldne),  and  are  kept 
at  a  small  distance  from  the  sides  and  back  of  the  msiB 
chimney-piece,  and  are  continued  down  to  the  health,  so 
that  the  ash-pit  is  also  separated.  The  pipe  or  chimney  of 
the  stove  grate  is  carried  up  behind  the  ornaments  of  the 
mantle-piece  till  it  rises  above  the  mantle-pieoe  of  the  mtin 
ehimney-fnece,  and  is  fitted  with  a  regist^  or  damper- 
plate  turning  round  a  transverse  axis.  The  best  fiirm  of 
this  register  is  that  which  we  have  recommended  for  ati  or- 
dinary fire-place,  having  its  ads  or  joint  dose  at  thefinrnt ; 
so  that  when  it  is  open  or  turned  up,  the  burnt  air  and 
smoke  striking  it  obliquely,  are  directed  with  certainty  into 
the  vent,  without  any  risk  of  reverberating  and  ooming  out 
into  the  room.  All  the  rest  of  the  vent  is  shut  up  by  iron 
plates  or  brick-work  out  of  m^t 

The  effect  of  this  construction  is  very  obvious.  The 
fiidl,  being  in  immediate  contact  with  the  back  and  sides  of 
the  grate,  heat  them  to  a  great  degree,  and  they  heat  the 
air  contiguous  to  them.  This  heated  air  cannot  get  up 
the  vent,  because  the  passages  above  these  qpaoes  are  shut 
up.  It  therefore  comes  out  into  the  room ;  some  of  it  goes 
into  the  real  fire-place  and  is  carried  up  the  vent,  and 
the  rest  rises  to  the  ceiling,  and  is  diffused  over  the  room. 

It  is  surprisbg  to  a  person  who  does  not  consider  it  with 
skill  how  powerfully. this  grate  wanns  a  room*s  Less  than 
one-fourth  of  the  fuel  consumed  in  an  ordinary  fire-place 
is  sufficient ;  and  this  with  the  same  cheerful  blazing  heardi 
and  salutary  renewal  of  air.  It  even  requires  attention  to 
keep  the  room  cool  enough.     The  heat  oommunicated  to 
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tbose  parts  in  contact  tritli  the  fiicl  is  needlessly  great ; 
sod  it  will  be  a  conuderable  ituprovetnent  to  Viae  this  part 
witb  very  tluck  plates  of  cast  ircHi,  or  with  tJlcs  made  of 
£re^Uy,  which  will  not  crack  with  the  heat.  These,  bein^ 
very  bad  conductors,  will  make  the  heat,  ultimatdy  cam.- 
mutucated  to  the  air,  very  moderate.  If,  with  all  these 
precautions,  the  heat  should  be  found  too  great,  it  may 
be  brought  under  perfect  maDageoicnt  by  opening  passages 
into  the  vent  from  the  lateral  spaces.  These  taay  be  vaives 
or  trap-doors  moved  by  rods  concealed  beliind  the  ofiup 
laents. 

Thus  we  have  a  fire-place  under  the  most  complete  re- 
gulation, where  wii  can  always  have  a  dui^rfiil  fire  witlMiut 
being  for  a  quarter  of  an  hour  incommoded  by  the  Iteat ; 
and  we  can  as  quickJy  raise  our  fire,  when  too  low,  by 
hanging  on  a  plate  of  iron  on  Uio  front,  which  shall  reach 
as  low  as  the  grale.  This  in  five  minutes  will  blow  up  the 
fire  into  a  glow  ;  and  the  plate  may  be  sent  out  of  the 
room,  at  set  behind  tlie  stove-grate  out  of  sight. 

The  propriety  of  enclosing  the  ash-pit  is  not  so  obvious; 
but  if  this  be  not  done,  tlic  light  aslies,  not  finding  a  ready 
passage  up  the  chimney,  will  come  nut  into  tlu;  room  along 
with  the  heated  atr. 

We  do  not  consider  in  tlus  place  tha  various  extraneouA 
circtunstances  which  impede  tlie  current  of  lur  in  our  chim. 
neys,  and  produce  smoky  houses ;  but  only  the  theory  of 
this  motion  in  general,  and  the  modifications  of  its  opera- 
tion arising  from  the  various  purposes  to  which  it  may  be 
applied. 

Under  this  head  we  shall  next  give  a  general  account  and 
dewript'ionoftliemetliod  uf  worming  apartmenls  by  stovoa 
A  Stovk  in  general  is  a  fire-place  shut  up  on  all  sides, 
having  unly  a  pits^oge  Ibr  admitting  tlie  air  to  Bup)x>rt  the 
fire,  and  a  tul>e  fur  carrying  oS  the  vitiated  air  and  smoke: 
and  llw  air  of  ibe  room  is  wormed  by  coming  into  conUct 
with  the  out^de  of  the  stove  and  flue.     The  general  prin- 
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dpie  of  construction,  therefore,  is  very  simple.  The  air 
must  be  made  to  come  into  as  close  contact  as  possible  with 
the  fire,  or  even  to  pass  through  it,  and  this  in  such  quan- 
lities  as  just  to  consume  a  quantity  of  fud  sufficient  for 
produdng  the  heat  required;  and  the  stove  must  be  so  con- 
structed, that  both  the  burning  fuel  and  the  air  which  has 
been  heated  by  it  shall  be  applied  to  as  extensive  a  sorfiioe 
as  posidble  of  furnace,  all  in  contact  with  the  air  of  the 
room ;  and  the  heated  air  within  the  stove  must  not  be  al- 
lowed to  get  into  the  funnel  which  is  to  carry  it  ofi^,  titll  it  is 
too  much  cooled  to  produce  any  considerable  heat  on  the 
outside  of  the  stove. 

In  this  temperate  climate  no  great  ingenuity  is  necessary 
for  warming  an  ordinary  ajpartment ;  and  stoves  are  made 
rather  to  please  the  eye  as  furniture  than  as  ecooomical 
substitutes  for  an  open  fire  of  equal  calorific  power.  But 
our  neighbours  on  the  continent,  and  espedally  tdwaids  the 
north,  where  the  cold  of  winter  is  intense,  and  fuel  very 
dear,  have  bestowed  much  attention  on  their  construction, 
and  have  combined  ingenious  economy  with  every  elegance 
of  form.  Nothing  can  be  handsomer  than  the  stoves  of 
Fayencerie  that  are  to  be  seen  in  French  Flanders,  or  the 
Russian  stoves  at  St  Fetersburgh,  finished  in  stucco.  Oui 
readers  will  not,  therefore,  be  displeased  widi  a  description 
of  them.  In  this  place,  however,  we  shall  only  consider  a 
stove  in  general  as  a  subject  of  pneumatical  discusrion. 

The  general  form,  therefore,  of  a  stove,  and  of  which  all 
others  are  only  modifications  adapted  to  drcumstances  of 
utility  or  taste,  is  as  follows  : 

MIKL  (Fig.  79.)  is  a  quadrangular  box  of  any  size  in 
the  directions  MI  LK.  The  inside  width  from  front 
to  back  is  pretty  constant,  never  less  than  ten  indies,  and 
rarely  extending  to  twenty ;  the  included  space  is  divided 
by  a  great  many  partitions.  The  lowest  chamber  AB  is 
the  receptacle  for  the  fuel,  which  lies  on  the  bottom  of  the 
stove  without  any  grate :  this  fire-place  has  a  door  AO 
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tnrniiig  or  hingcB,  and  in  this  door  is  a  very  smaU  wicket 
P  :  the  roof  of  the  fire-place  extends  to  withiD  a  very  few 
inches  of  the  farther  end,  leamg  a  narrow  passage  B  for 
the  flame.  The  next  partitlun  A  B  is  about  eight  inches 
higher,  and  reaches  almost  to  the  other  end,  leaving  a  nar« 
row  passage  for  the  flame  at  B.  The  ))artitions  are  repeat- 
ed above,  at  tlie  distance  of  clglit  inches,  leaving  passages 
at  the  ends,  alternately  disposed  as  in  the  figure ;  the  last 
of  them  H  communicates  with  the  room  vent.  This  com- 
munication may  be  regulated  by  a  plate  of  iron,  which  can 
be  slid  across  it  by  means  of  a  rod  or  handle  which  comes 
through  the  nde.  The  more  usual  way  of  shutting  up  this 
passage  is  by  a  sort  of  pan  or  bowl  of  earthen  ware  which 
is  whelmed  over  it  with  its  brim  resting  in  sand  contained 
in  n  groove  formed  all  round  the  hole.  This  damper  is  in- 
troduced by  a  door  in  the  front,  which  is  then  shut.  The 
whole  is  set  on  low  pillars,  so  that  its  bottom  may  be  a  few 
inches  from  the  floor  of  the  room  :  it  is  usually  placed  in 
a  comer,  and  the  apartments  are  so  disposed  that  their 
cMmneys  can  be  joined  in  stacks  as  with  us. 

Some  straw  or  wood-shavings  are  first  burnt  on  the 
hearth  at  its  fartlier  end.  This  warms  the  air  in  the  stove, 
and  creates  a  determined  current.  The  fuel  is  then  laid 
on  the  hearth  close  by  the  door,  and  pretty  much  piled  up. 
Itia  now  kindled  ;  and  the  current  being  already  directed 
to  the  vent,  there  is  no  danger  of  any  smoke  coming  out 
into  the  room.  Eff'ectuully  to  prevent  this,  the  door  a 
shut,  and  the  wicket  P  opened.  The  air  supplied  by  this, 
being  directed  to  the  middle  or  bottom  of  the  fuel,  quickly 
kindles  it,  and  the  operation  goes  on. 

The  aim  of  this  construction  is  very  ubvioiiK.  The  flams 
and  heated  air  are  retmned  as  long  ax  possible  within  the 
body  of  the  stove  by  means  of  the  long  passages ;  and  tlie 
narrowness  of  these  pastsages  obliges  the  flnmc  to  come  in 
contact  witli  every  particle  of  soot,  so  as  to  consume  it  com. 
plctely,  and  thus  convert  the  whole  combustible  matter  of  the 
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fud  into  1[im!U  For  want  of  this  a  veryeooadenhle  por* 
tion  of  our  fuel  is  wasted  by  our  open  fives,  even  under  the 
v&cy  be^  management :  the  Boat  wlii<:b  sticks  to  our  voils 
IS  very  inflamfnaUe,  and  a  pound  weight  of  H  will  pre  m 
mudi  if  not  more  beat  than  a  pound  of  eoaL  And  what 
sticks  to  our  vents  is  very  inoonsideraUe  in  oompaiiaon  with 
what  escapes  unconsumed  at  the  duauiey  tap.  Im  fiiesof 
green  wood,  peat,  and  some  kuids  of  pit-coal,  nearly  one- 
fifth  of  the  fuel  is  lost  in  tfaiswiiy;  but  in  these  stDvea  thoe 
is  hardly  ever  any  mark  erf*  soot  to  be  seen ;  suad  e^an  this 
small  quantity  is  produced  only  after  Ughting  liiefirea. 
The  volatile  inflammable  metiers  are  expeUed  fram  parts 
much  heated  indeed,  but  not  so  hot  as  to  burn;  and  some 
of  it  charred  ac  balf-bumt  cannot  he  any  fSoitbcr  «0Mum< 
ed,  being  envekq^ed  in  flame  and  air  already  vstis^tod  and 
unfit  for  Qombusdon*  But  when  the  stove  m  ipsU  hested, 
and  the  current  baSsk,  no  part  of  the  soot  eaoapes  Ae  ao» 
tion  of  the  air. 

The  hot  air  retained  in  this  manner  in  the  body  of  the 
stove  is  applied  to  its  sides  in  a  very  extended  8Uiftc&  To 
increase  this  still  more,  the  stove  is  made  narrower  fitom 
front  to  back  in  its  u{^)er  part ;  a  certain  breadth  is  neees* 
sary  below,  that  there  may  be  room  &r  fucL  If  this 
breadth  wane  preserved  all  the  way  up,  much  heal  would 
be  lost,  because  the  heat  communicated  to  the  paititioiis  of 
the  stove  does  no  good.  By  diminishing  their  beeadtb,  the 
prc^rtion  of  useful  surface  is  increased.  The  whde  body 
of  Ae  stove  may  be  con^dered  as  a  kmg  pipe  folded  vqp^ 
and  its  etkd  wouklbe  the  greatest  pos^ble  if  it  really  were 
so ;  that  is,  if  each  partition  c  C,  d  D,  be  were  split  into 
two,  and  a  free  passage  allowed  between  them  for  the  air 
of  the  room.  Something  like  this  wiU  be  observed  after- 
wards in  some  Gorman  stoves. 

It  is  with  the  same  view  of  making  an  extensive  ^applica- 
tion of  a  hot  surface  to  the  air,  that  the  stove  is  not  built 
on  the  wall,  wx  even  in  contact  with  it,  nor  with  the  floor: 
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)r  tLs  detached  situation,  the  air  in  contact  with  the 
\mckf  and  with  tite  bottom  (irhcrc  it  is  hottest),  Li  wnnnedy.  J 
and  contributes  at  least  one>)ia]f  of  thu  whole  effect ;  Idr  I 
the  great  heat  of  tlie  bottom  makes  its  eflect  on  the  air  of  | 
the  ttxHn  at  least  equal  to  that  of  t)ie  two  ends.  Suin^  i 
tknosa  store  makes  part  of  the  wall  lietween  too  small  i 
rooms,  and  is  found  sufficient. 

It  must  be  remarked,  on  the  whole,  that  the  dfcct  of  ■ 
store  depends  much  ou  keeping  in  the  ruom  the  air  alreadjT  | 
heated  by  it.  This  ta  so  remarkably  the  case,  that  a  small 
open  fire  in  the  same  room  will  be  sa  for  Irom  incres»ng  , 
ita  heat,  that  it  wdl  greatly  diminish  it :  it  will  even  draw 
tlie  warm  air  from  a  suite  of  adjoining  apartments.  Ttdf 
is  distinctly  observed  in  the  houses  of  the  English  mercfa* 
ants  in  St  Petersburgli ;  their  habits  of  life  in  Britain  maki  . 
them  uneasy  without  an  open  lire  in  their  sitting  rooma; 
and  (his  obliges  them  to  heat  all  their  stoves  twice  a-day, 
and  their  houses  are  cooler  than  those  of  the  Russians  who 
heat  them  only  once.  In  many  German  houses,  especially 
of  the  lower  class,  the  lire-place  of  the  stove  does  not  open 
into  the  room,  but  into  the  yard  or  lobby,  where  all  the 
fires  are  lighted  and  tended ;  by  this  means  is  avoided  the 
expense  of  warm  air  which  must  have  been  carried  off  by 
the  stove :  but  it  is  evident,  that  this  must  be  very  uiv 
pleasant,  and  cannot  be  wholesome.  We  must  breathe  the 
some  quantity  of  stagnant  nir,  loaded  with  nil  the  va[)ourB 
and  exhalations  which  must  be  produced  in  every  inhabit. 
ed  plnoc.  Going  into  one  oi'  these  houses  from  the  open 
air,  is  like  putting  one's  head  into  a  stew-pan  or  under  a 
pie-cnist,  and  quickly  nauseates  us  who  are  accustomed  (o 
fresh  air  and  cleanliness.  In  ttiese  uountries  it  is  a  matter  al- 
most of  necessity  to  fumigate  the  rooms  with  frankincense 
and  other  gums  burnt.  'Die  censer  in  ancient  worship  waa  in 
obability  an  utensil  inlrudttced  by  neei-ssily  for  swrel- 
bor  rendering  tolerable  the  air  of  a  crowded  place  : 
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and  it  is  a  constant  practice  in  the  Russian  houses  for  a 
servant  to  go  round  the  room  after  dinn^,  waving  a  cen- 
ser with  some  gums  burning  cm  bits  of  charcoal. 

The  account  now  given  of  stoves  fcnr  heating  rooms,  and 
of  the  circumstances  which  must  be  attended  to  in  thdnr 
construction,  will  equally  apfdy  to  hot  n^alls  in  gardening, 
whether  within  or  without  doors.     The  only  new  circum- 
stance which  this  employment  of  a  flue  introduces,  is  the 
attention  which  must  be  paid  to  the  equability  of  the  heat, 
and  the  gradation  which  must  be  observed  in  different  parts 
of  the  building.     The  heat  in  the  flue  gradually  diminishes 
as  it  recedes  from  the  fire-place,  because  it  is  continually 
givmg  out  heat  to  the  flue.     It  must  therefoie  be  so  con- 
ducted through  the  building  by  firequent  returns,  that  in 
every  part  there  may  be  a  mixture  of  warmer  and  cooler 
bnmches  of  the  flue,  and  the  final  chimney  should  be  dose 
by  the  fire-place.     It  would,  however,  be  improper  to 
run  the  flue  from  the  end  of  the  floor  up  to  the  cdling, 
where  the  second  horizontal  pipe  would  be  placed,  and 
then  return  it  downward  again,  and  make  the  third  horizoiw 
tal  flue  adjoining  to  the  first,  &c.     This  would  make  the 
middle  of  the  wall  the  coldest.     If  it  is  the  flue  of  a  green- 
house, this  would  be  highly  improper,  because  the  upper 
part  of  the  wall  can  be  very  little  employed ;  and  in  this 
case  it  is  better  to  allow  the  flue  to  proceed  gradually  up 
the  wall  in  its  different  returns,  by  which  the  lowest  part 
would  be  the  warmest,  and  the  heated  mr  will  ascend 
among  the  pots  and  plants ;  but  in  a  hot  wall,  where  the 
trees  are  to  receive  heat  by  contact,  some  approximation  to 
the  above  method  may  be  useful. 

In  the  hypocausta  and  sudaria  of  the  Greeks  and  Ro- 
mans, the  flue  was  conducted  chiefly  under  the  floors. 

Malt-kilns  are  a  species  of  stove  which  merit  our  atten- 
tion. Many  attempts  have  been  made  to  improve  them  on 
the  prindple  of  flue-stoves ;  but  they  have  been  unsuccess- 
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ful,  because  heat  is  noc  wbat  is  chiefly  wanted  in  maluug : 
it  ia  a  copious  current  of  very  dry  air  to  carry  off  the  moiai , 
tore.  , , 

All  tliat  is  to  be  attended  to  in  the  difTerent  kinds  a^  1 
melung  furnaces  is,  tlittl  the  current  of  air  be  sut&cicntlyi 
rapid,  and  that  it  be  applied  in  as  cxtenfflvc  a  surface  a/t;  1 
possible  to  tlic  substance  to  be  melted.  The  more  rapid]  j 
the  current  it  is  the  hotter,  because  it  is  conauming  morq  j 
fuel ;  and  therefore  its  effect  increases  in  a  higher  propofh;  I 
Uon  than  iu  rapidity.  It  is  doubly  effectual  Lf  twice  as  hot{>  T 
and  if  it  then  be  twice  as  rapid,  there  is  twice  the  quiuiti^  I 
of  doubly  hot  air  applied  to  the  subject;  it  would  iheroij 
ftae  be  four  times  more  powerful.  This  is  procured  l^y  J 
raiding  the  chimney  of  the  furnace  to  a  greater  hcigbt,^  j 
The  close  application  of  it  to  tlie  subject  can  hardly  bq  j 
laid  down  in  general  terms,  because  it  depends  on  the  pra^J 
cise  circumstances  of  each  case. 

In  reverberatory  furnaces,    such  as  refining  furnaces'] 
for  gold,  silver,  and  copper,  the  llauie  is  made  to  play.  J 
over  the  surface  of  tlie  melted  metaL     This  is  produce4 
entirely  by  the  form  of  tlie  furnace,  by  making  the  ardi  j 
of  the  furnace  as  low  as  the  circumstances  of  llje  ma 
puiation  will  allow.     Experience  lias  pointed  out  in  genfr   I 
ttl  the  chief  circumstances  of  their  construction,  viz,  that  I 
the  fuel  should  beat  one  end  on  a  gralc,  through  which  tbf  I 
air  enters  to  niaiutain  the  fire,   ttnd  that  the  metal  should  J 
be  placed  on  a  level  floor  between  tha  fuel  and  the  loll  ' 
chimney  which  produces  tlie  current.     But  iliere  is  no  kind 
of  furnace  more  variable  in  its  cfiect,  and  almost  eveiy  ' 
place  has  a  small  peculiarity  of  conatruciion,  on  which  lis  \ 
pre-eminence  is  rested.     This  has  occasioned  many  whim- 
sical varieties  in  tlieir  form.     This  uncertainty  seems  to  J 
Ue^Knd  much  on  a  circumstance  rather  foreign  to  our  prflr  ] 
sent  purpose ;  but  oa  wc  do  not  observe  it  taken  notice  of 
by  mincralogical  writers,  we  beg  leave  to  mention  it  here. 
It  is  not  heat  oluue  thai  is  wanted  in  tJic  refining  of  silver 
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by  hadi  tor  vMimte.  W^  ijumH  taJto  »  Mitiimil  ■ppfwi* 
ticm  to  it9  MrfiM^  of  aif ^  ivhich  ka^  boI  coyti  ibtaJ  10  dig 
combustion  of  the  fuel  Any  quantity  of  the  hottest  air, 
A&tiy  saHWatod  ymA  the  futf  1, iMf  plivf  onthe  fufiae  of 
the  ffiecal  for  ev0r,  and  bsp  it  in  the  state  of  moel  yatfccc 
fbtto0,  hat  withoiiC  ^filling  k  in  the  Itaat,  Nmr^  in  the 
drcKnoty  eonslFUctidii  of  a  ftumacey  tins  is  mudi  the  eaw. 
If  the  whole  m  has  ooasa  in  by  die  grate,  Md  passei 
dttoogh  the  niddk  of  tha  fbd,  it  can  haidty  he  otkefww 
tiMtt  nearly  satftmted  ividiitr  and  if  idr be abe adnhied 
by  Ate  door  (which  iff  genera^f  doaie  or  soa^dd^  aqnink 
lent),  the  jmreair  hes  aixrre  the  tvtialed  air^  and  d»in|g 
the  paan^  along  the  herisotttat  pari  of  the  Anrhm,  and 
aleng  the  smrface  of  the  tnetal,  it  still  keepa  tAxpre  it,  m 
least  there  is  notlnng  to  promofle  didrnnxtitt««  Thaathe 
metal  does  not  oome  into  eonCaet  nith  sir  fit  t0  aol  on  the 
base  metal  and  caldne  it,  and  the  operatioB  ef  reAnhig  goes 
en  dewly*  Trffing  dromnstanees  hi  the  foim  ef  the  lardi 
at  canal  may  tend  to  promote  the  jumbling  of  the  airs  teh 
gether,  and  thus  render  the  operation  mcnre  expefidoos ; 
and  as  these  are  but  ill  understood,  er  perhaps  tins  drcnm^ 
stJsnce  not  attended  to,  no  wonder  that  we  see  these  consi- 
dered as  so  many  nostrums  of  great  importanee^  It  were 
therefore  worth  while  to  try  the  effect  of  changes  in  the 
form  of  the  toot  directed  to  this  very  circumstance  Per* 
haps  some  little  prominence  down  from  the  arch  of  the  re^ 
verberatory  would  have  this  effect,  by  suddenly  throwing 
the  current  into  confusion.  If  the  additional  length  of  pas- 
sage do  not  cool  the  air  too  much,  we  should  think  that  if 
there  were  interposed  between  the  iuel  and  the  refining 
floor  a  passage  twisted  like  a  cork-screw,  making  just  half 
a  turn,  it  would  be  most  effectual :  for  we  imagine,  that 
the  two  airs,  keeping  each  to  their  respective  sides  of  the 
passage,  would  by  this  means  be  turned  upside  down,  and 
that  the  pure  stratum  would  now  be  in  contact  with  the 
metal,  and  the  vitiated  air  would  be  above  it 
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e  furTMoc  exbibito  the  chief  variety  in  the 
mflnagemeRt  of  the  current  of  heated  air.     In  this  it  is  neJ  , 
oeoary  that  the  hole  at  which  the  workman  dtps  his  ppd^  i 
into  the  pot  shall  be  as  hot  as  any  port  of  the  furnace.  Tbi»  , 
oouU  never  be  the  case,  if  the  furnace  had  a  chnnney  fcito^  j 
Bted  in  a  part  above  the  dipping-hole ;  for  in  this  case  nJA 
air  would  inintcdialelj  rush  in  at  the  hole,  play  over  the  suiu   , 
filceof  the  pot,  and  go  up  the  chimney.  To  prevent  this  the 
bole  itself  is  made  the  chimney ;  but  as  this  would  be  tdtf   , 
short,  and  would  produce  very  little  current  and  very  littlt 
beat,  the  whole  furnace  is  set  under  a  tall  dome.     Tho» 
the  heated  lur  liom  the  real  furnace  is  confined  in  this  domd^ 
and  constitutes  a  high  column  of  very  light  air,  which  wHl  j 
therdbrc  rise  with  great  force  up  the  dome,  and  escape  «C'j 
the  top.     This  dome  is  therefore  the  chimney,  and  wi)l  piW-^l 
duce  a  draught  or  current  proportioned  to  its  height.  Some  'j 
are  raised  above  an  hundred  feeL     Wlien  all  the  doors  oP  ] 
this  house  are   shut,  and  thus  no  supply  given  except  | 
through  the  fire,  the  current  and  heat  become  prodigiouA  j 
This,  however,  cannot  be  done,  because  the  workmen  are  j 
in  this  chimney,  and  must  have  respirable  air.     But  not- 
withstanding this  supply  by  the  house-doors,  the  draught 
of  the  real  furnace  is  vastly  increased  by  the  dome,  and  a 
heat  produced  sufficient  for  the  work,  and  which  could  not  " 
Iiare  been  produced  mthout  the  dome. 

This  has  been  applied  with  great  ingenuity  and  eficct  tO'  ' 
s  Funiace  for  melting  iron  from  the  ore,  and  an  iron  finery, 
both  without  a  blast.     The  common  blast  iron  furnace  is  ' 
well  known.     It  is  a  tall  cone  with  the  apex  undennosL 
The  ore  and  fluxes  arc  thrown  into  this  ctine  tuixeil  ind-  1 
matcly  with  the  fuel  till  it  is  full,  and  the  blast  of  mo«;  j 
powerful  bellows  is  directed  into  the  bottom  of  tJiis  cone 
through  a  hole  in  the  side.   The  air  is  thrown  in  with  such  ' 
force,  that  it  makes  its  way  through  the  ma.<ni  of  matter, 
kindles  the  fu<^l  in  tin  passage,  and  fluxes  the  materials, 
which  then  drop  down  into  n  roeejitacle  below  the  Mnst. 
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hole,  and  thus  the  passage  fiir  the  air  is  kq)t  unobstructed. 
It  was  thought  impossible  to  produce  or  maintain  this  cur- 
rent without  bellows ;  but  Mr  Cotterel,  an  ingenious  found- 
er, tried  the  effect  of  a  tall  dome  placed  over  the  mouth  of 
the  furnace,  and  though  it  was  not  half  the  height  of  miny 
glass-house  domes  it  had  the  desired  effect     Considerable 
difficulties,  however,  occurred ;  and  he  had  not  sunnount- 
ed  them  all  when  he  left  the  neighbourhood  of  Edinburgh, 
nor  have  we  heard  that  he  has  yet  brought  the  invention  to 
perfection.     It  is  extremely  difficult  to  place  the  holes  be- 
low, at  which  the  air  is  to  enter,  at  such  a  precuse  hd^t 
as  neither  to  be  choked  by  the  melted  matter,  nor  to  leave 
ore  and  stones  below  them  unmelted ;  but  the  invention  is 
very  ingenious,  and  will  be  of  immense  service  if  it  can  be 
perfected ;  for  in  many  {daces  iron  ore  is  to  be  found  where 
water  cannot  be  had  for  working  a  blast  furface. 

The  last  application  whicli  we  shall  make  of  the  currents 
produced  by  heating  the  air  is  to  the  freeing  mines,  ships, 
prisons,  &c.  from  the  damp  and  noxious  vapours  which 
frequently  infest  them. 

As  a  drift  or  work  is  carried  on  in  the  mine,  let  a  trunk 
of  deal  boards,  about  six  or  eight  inches  square,  be  laid 
along  the  bottom  of  the  drifl,  communicating  with  a  trunk 
carried  up  in  the  corner  of  one  of  the  shafts.     Let  the  top 
of  this  last  trunk  open  into  the  ash-pit  of  a  small  furnace, 
having  a  tall  chimney.     Let  fire  be  kindled  in  the  furnace ; 
and  when  it  is  well  heated,  shut  the  fire-place  and  ash-pit 
doors.     There  being  no  other  supply  for  the  current  pro- 
duced in  the  chimney  of  this  furnace,  the  air  will  flow  into 
it  from  the  trunk,  and  will  bring  along  with  it  all  the  of- 
fensive vapours.     This  is  the  most  effectual  method  yet 
found  out.     In  the  same  manner  may  trunks  be  conducted 
into  the  ash-pit  of  a  furnace  from  the  cells  of  a  prison  or 
the  wards  of  an  hospital. 

In  the  account  which  we  have  been  giving  of  the  ma- 
nagement of  air  in  furnaces  and  common  fires,  we  have 
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jrequenilj'  mentioned  the  immediate  application  of  air  to  tlw 
bimitig  fuel  ai  uQcessary  for  its  combustion.  This  is  a  g^  j 
mraltact.  lu  order  thatany  inflammable  body  may  b«  rcat  ■ 
ly  inflamed,  and  its  combustible  matter  consumed  and  ashe^  I 
produced,  it  is  not  enough  that  the  body  be  made  hot.  A  I 
piece  of  charcoal  eoclosed  in  a  box  of  iron  may  be  kt pt  red-  1 
hot  tor  ever,  without  wasting  its  substance  iu  ihc  smallest  de-  1 
gtec.  It  is  farther  necessary  that  it  be  in  contact  with  a  paiw  J 
ticular  species  of  air,  which  constitutes  about  ihree-eij^liths  I 
of  the  air  of  tho  atmosphere,  viz.  the  vital  air  of  Lavolaer.  J 
It  was  called  empyreal  air  by  Scbeele,  who  first  observed  Ui  1 
indispensable  use  in  maintaining  fire :  and  it  appears,  that  j 
in  contributing  to  the  combustion  of  an  inflammable  body*  1 
this  air  combines  with  some  of  its  ingredients,  and  become!  1 
fixed  air,  suffering  the  same  change  as  by  tho  breathing  of  | 
animals.  Combustion  may  therefore  be  centered  as  a  »>•  I 
lutioii  of  the  intlamnmbh!  body  in  air.  This  doctrine  wm  J 
first  promulgated  by  the  celebrated  Dr  Hookc  in  liis  ilico'  1 
graphia,  published  in  16fJ0,  and  afterwards  improved  ip  j 
his  Treatise  on  Lamps.  It  is  now  completely  cslabhshcdr  j 
and  considered  as  a  new  discovery  It  is  for  this  reason  1 
that  in  fire-places  of  alt  kinds  we  have  directed  the  coiv  J 
structiua,  so  as  to  produce  a  close  application  of  the  air  to  I 
the  fuel  It  is  quite  needless  at  this  day  to  enter  into  the  1 
discussions  which  formerly  occupied  philosophers  about  the  1 
manner  in  which  the  pressure  and  elasticity  of  the  air  pro>  I 
moted  combustion.  Many  experiments  were  made  in  the  J 
last  century  by  the  first  members  of  the  Royal  Society,  to  | 
discover  the  office  of  air  in  combustion.  It  was  thoughC  ] 
that  the  Hame  was  extinguished  in  rare  air  for  want  of  si 
pressure  to  keep  it  together  ;  but  this  did  not  explain  its 
extinction  when  the  air  was  not  renewed.  These  experi- 
ments are  still  retained  in  courses  of  experimental  philoso- 
phy, as  they  are  injudidously  styled ;  but  they  give  little 
or  no  information,  nor  tend  to  the  illustration  of  any  pneit- 
luatical  doctrine  ;  tliey  arc  therefore  omlllcd  in  this  place. 
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In  Aotiy  H  is  n&w  fully  estflUisIied,  tliM  it  is  not  a  iMclift. 
nical  but  a  chemical  {^benamenoiL  We  can  only  infbni 
the  chemist,  that  a  candle  will  consome  faster  in^  the  Low 
Countries  than  in  the  dented  regions  of  Quito  and  Gondir, 
because  the  ur  is  nearly  one^half  denser  bdow^  and  irill 
act  proportionally  &ster  in  decompbong  the  candle. 

We  shall  condode  this  part  of  our  soliject  with  die  et- 
jdyinaticm  of  a  carious  phenomenon  c4)Ser?ed  in  many  plaees^ 
Gertun  springs  or  fountttns  aie  bbsenred  to  have  periods 
of  repletion  and  scantiness^  or  seem  to  ebb  and  flow  at  r^ 
gnlar  intervals ;  and  some  of  these  periods  are  of  a  coBi|di- 
cated  nature.  Urns  a  wdl  will  have  severd  retmns  of 
high  and  low  Water^  the  diferenee  of  which  gradnaDy  in* 
creases  to  a  maximum,  and  then  (fimittshes,  just  as  We  ob> 
serve  in  the  ocean.  A  very  ingenions  and  probaUeexf^ 
nation  of  this  has  been  ^ven  in  No  4S4  of  the  Philosophi- 
csl  Transactions,  by  Mr  Atwell,  as  follows : 
,  Let  ABCD  (Fig.  80.)  rqpresent  a  cavern,  into  which 
water  is  brought  by  the  subterraneous  passage  OT.  Let 
it  have  an  outlet  MNP,  of  a  crooked  form,  with  its  highest 
part  N  considerably  raised  above  the  bottom  of  the  cavern, 
and  thence  sloping  downwards  into  lower  ground,  and  ter- 
minating in  an  open  well  at  P.  Let  the  dimensions  of  this 
canal  be  such  that  it  will  discharge  much  more  water  than 
is  supplied  by  TO.  All  this  is  very  natural,  and  may  be 
very  common.  The  effect  of  this  arrangement  will  be  a 
remitting  spring  at  P :  for  when  the  cavern  is  filled  higher 
than  the  point  N,  the  canal  MNP  will  act  as  a  syphon  ; 
and,  by  the  conditions  assumed,  it  will  discharge  the  wa- 
ter faster  than  TO  supplies  it ;  it  will  therefore  run  it  dry, 
and  then  the  spring  at  P  will  cease  to  furnish  water.  Af- 
ter some  time  the  cavern  will  again  be  filled  up  to  the 
height  N,  and  the  flow  at  P  will  recommence. 

If,  besides  this  supply,  the  well  P  also  receive  water  from 
a  constant  source,  we  shall  have  a  reciprocating  spring. 

Thp  situation  and  dimensions  of  this  syphon  canal,  and 
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llie  supply  of  the  fecdi^r,  nmy  be  such,  that  tlic  effiux  at  P 
will  be  couBtant.  If  the  eupply  increase  in  a  certain  do- 
gnx,  a  redprocatiuD  will  be  produced  at  F  with  very  sliort 
iotervals ;  if  the  supply  diminielies  coDsiderably,  we  shtdl 
have  another  kind  of  reciprocation  whh  great  intervab  sod  i 
great  differences  of  water. 

If  the  cavern  has  another  siiople  outJet  R,  new  varieties  j 
will  be  produced  m  the  spring  V,  and  R  will  alTord  a  cu>  i 
rious  )>pring.  Let  the  mouth  of  U,  by  which  the  wat««  . 
enters  it  from  the  cavern,  be  lower  than  N,  and  let  thA  ^ 
supply  of  the  feeding  spring  be  no  greater  than  R  i 
discharge,  we  shall  have  a  constant  spring  from  R,  and  P  j 
viU  give  00  water.  But  suppoee  that  the  main  feeder  irh  j 
creases  in  winter  or  in  nuny  seasons,  but  not  so  much  a 
will  supply  both  P  and  R,  the  cavern  will  fill  till  the  watef  j 
gets  over  N,  and  B  will  be  running  all  the  while;  but  I 
soon  aAcr  P  has  begun  to  flow,  and  the  water  in  the  cavetS  I 
anks  below  B,  the  stream  from  U  will  stop.  The  caven  J 
will  be  emptied  by  the  syphon  canal  MNP,  and  then  P  1 
will  stop.  The  cavern  will  then  begin  to  fill,  and  whoi  J 
near  full  R  will  give  a  little  water,  and  soon  at^r  P  will  1 
run  and  R  stop  as  before,  Inc. 

Deaaguliers  shows,  vol.  u.  p.  177,  Sic.  in  what  manncrfi  j 
prodigious  variety  of  periodical  ebbs  and  flown  may  be  jko*  1 
duced  by  underground  canals,  which  are  extremely  ample  J 
and  probable. 

Wb  shall  conclude  tfais  article  with  the  descriptions  of  J 
some  pncunwtical  machinea  or  engines  whivl)  have  not  beea  I 
portkukrly  noticed  under  tbnc  names  in  the  forauf  | 
voUuhes  of  this  work. 

BeUowa  are  of  most  extensive  and  important  use ;  and  it  I 
will  be  of  service  to  describe  such  as  arc  of  uncommon  con*  J 
structiuD  and  great  power,  fit  for  the  great  operatiunit  U 
metallurgy.  i 
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It  is  not  the  impulave  force  of  the  blast  that  is  wanted 
in  most  cases,  but  merely  the  copious  supply  of  air,  to  pro- 
duce the  rapid  combustion  of  inflammable  matter ;  and  the 
service  would  be  better  performed  in  general  if  this  could 
be  d(Hie  with  moderate  velocities,  and  an  extended  surface. 
What  are  called  air-furnaces,  where  a  considerable  surface 
of  inflammable  matter  is  acted  on  at  once  by  the  current 
which  the  mere  heat  of  the  expended  ur  has  produced,  are 
found  more  operative  in  proportion  to  the  fur  expended  than 
Uast  furnaces  animated  by  bellows ;  and  we  doubt  not  but 
that  the  method  proposed  by  M.  Cotterel  (which  we  have 
already  mentioned)  of  increasing  this  current  in  a  melting 
furnace  by  means  of  a  dome,  will  in  time  supersede  the 
Uast  furnaces.     There  is  indeed  a  great  impulsive  force 
required  in  some  cases ;  as  for  blowing  off  the  scoriae  from 
the  surface  of  silver  or  copper  in  reflning  fiimaces,  or  for 
keeping  a  clear  passage  for  the  air  in  the  great  iron  fur- 
nace. 

In  general,  however,  we  cannot  procure  this  abundant 
supply  of  air  any  other  way  than  by  giving  it  a  great  velo- 
dty  by  means  of  a  great  pressure,  so  that  the  general  con- 
struction of  bellows  is  pretty  much  the  same  in  all  kinds. 
The  air  is  admitted  into  a  very  large  cavity,  and  then  ex- 
pelled from  it  through  a  small  hole. 

The  furnaces  at  the  mines  having  been  greatly  enlarged, 
it  was  necessary  to  enlarge  the  bellows  also :  and  the  leath- 
ern bellows  becoming  exceedingly  expensive,  wooden  ones 
were  substituted  in  Germany  about  the  beginning  of  last 
century,  and  from  them  became  general  through  Europe. 
They  consist  of  a  wooden  box  ABCPFE  (Fig.  92.), 
which  has  its  top  and  two  sides  flat  or  straight,  and  the 
end  B AE  e  formed  into  an  arched  or  cylindrical  surface, 
of  which  the  line  FP  at  the  other  end  is  the  axis.  This 
box  is  open  below,  and  receives  within  it  the  shallow  box 

KHGNML  (Fig.  93),  which  exactly  fills  it.  The  line  FP 
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of  the  one  oo'mcidcs  wiih  FP  of  the  other,  and  aloi^  this 
line  is  a  set  of  lunges  on  whicli  the  upper  box  turns  as  it 
rises  and  sinks.     The  lower  box  is  made  fast  to  a  frame 
fixetl  in  the  ground.    A  pipe  OQ  proceeds  from  the  end  of  1 
it,  and  terminates  at  the  furnace,  where  it  ends  in  a  small  I 
pipe  called  the  tewer  or  tuyere.     This  lower  box  is  open 
above,  and  has  in  its  bottom  two  large  valves  V,  V,  open* 
ing  inwards.     The  conducting  pipe  is  sonietioies  furnislied   ' 
with  a  valve  opening  outwards,  to  prevent  burning  coals 
from  being  sucked  into  the  bellows  when  the  upper  box  is 
drawn  up.     The  joint  along  PF  is  made  tight  by  thin 
leatlier  nailed  along  it.     The  sides  and  ends  nf  the  6xed 
box  are  made  to  fit  the  sides  and  curved  end  of  the  upper 
box,  so  that  this  last  can  be  raised  and  loirered  round  the 
joint  FP  witliout  sensible  friction,  and  yet  without  suffer- 
tng  much  aar  to  escape  :  hut  as  this  would  not  be  sufiicieot- 
Ij  air-tight  by  reason  of  the  shrinking  and  warping  of  the 
wood,  a  farther  contrivance  is  adopted.     A  slender  lath  of 
wood,  divided  into  several  joints,  and  covered  on  the  outer 
edge  with  very  soft  leatlier,  is  laid  along  the  upj>er  edges 
of  the  sides  and  ends  of  the  lower  box.     This  lath  is  so 
broad,  that  when  its  inner  edge  is  even  with  the  inside  of  j 
the  box,  its  outer  edge  projects  about  an  inch.     It  is  kepi 
in  tliis  position  hy  a  number  of  steel  wires,  which  arc  ilHveD 
into  the  bottom  of  the  box,  and  stand  up  touching  tlie 
sides,  as  represented  in  Fig.  95,  where  abc  are  the  wires^ 
and  e  the  Ijtih,  projecting  over  the  outside  of  the  box.    By 
ttiis  contrivance  the  laths  are  pressed  close  to  the  siiUis  and 
curved  end  of  the  moveable  box,  and  the  spring  wires  yield  , 
to  all  their  iiiequaUties.     A  bar  of  wood  IIS  is  fixed  to  tbt   ' 
upper  board,  by  which  it  is  cither  raised  by  macliinery,  lo  \ 
sink  ogtun  by  iu  own  weight,  having  an  additional  load   1 
laid  on  it,  or  it  is  forced  downward  by  a  crank  or  wiper  of  ] 
-^hemanfainery.  and  afterwards  raised. 

e  operation  here  is  precisely  similar  to  that  of  blowing 
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with  a  chamber-bellows.  When  the  boaid  k  lifted  up^  the 
air  eutars  by  the  valves  V,  V,  Fig«  94.  and  la  expelled  at  the 
{Hpe  OQ  by  deprrasiiig  the  boaida.  There  is  theBefive  ao 
occasion  to  insist  on  this  pcnnt. 

These  bellows  are  made  of  a  very  great  siie,  AD  beii^ 
16  feet,  AB  five  feet,  and  the  eireular  end  A£  abo  fiva 
fiset.  The  rise,  however,  is  but  about  3  or  Si  feet.  They 
expel  at  each  stroke  about  90  etdae  feet  of  air,  and  thqf 
make  about  6  strokes  per  minute. 

Such  are  the  bellows  in  genend  use  on  the  continait. 
We  have  adopted  a  different  form  in  thb  Idngdom,  which 
seems  mudb  preferable.  We  use  an  iron  or  wooden  cyliii- 
der,  with  a  piston  diding  almig  it  This  may  be  made 
with  much  greater  accuracy  than  the  wooden  boxes,  at  less 
exp^ise^  if  of  wood,  because  it  may  be  of  coopers  work, 
held  together  by  hoops ;  but  the  great  advantage  of  this 
form  is  its  being  more  eamly  made  air*tight.  The  piston  is 
surrounded  with  a  broad  strap  of  thick  and  soft  leather, 
and  it  has  around  its  edge  a  deep  groove,  in  whidi  is  lodg- 
ed  a  quantity  of  wooL  This  is  called  the  packing  or  stuff- 
ing, and  keeps  the  leather  very  closely  applied  to  the  inner 
surfece  of  the  cylinder.  Iron  cylinders  may  be  very  neat* 
ly  bored  and  smoothed,  so  that  the  piston,  even  when  very 
tight,  will  slide  abng  it  very  smoothly.  To  promote  this, 
a  quantity  of  black-lead  is  ground  very  fine  with  water, 
and  a  little  of  this  is  smeared  on  the  inode  of  the  cj^linder 
feom  time  to  time. 

The  cylinder  has  a  large  valve,  or  sometimes  two  in  the 
bottom,  by  which  the  atmospheric  air  entos  when  the  pi^ 
ton  is  drawn  up.  When  the  piston  is  thrust  down,  this  air 
is  expelled  along  a  |Hpe  of  great  diameter,  which  terminates 
in  the  furnace  with  a  small  orifica 

This  is  the  simplest  form  of  bellows  which  can  be  con- 
ceived. It  differs  in  nothing  but  size  fiom  the  bdlows 
used  by  the  rudest  nations.    The  Chinese  smiths  have  a 
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rjr  Mtnilar,  being  a  square  pipe  of  wood  ABCDE 
(Fig.  96.),  with  B  square  board  G  which  exactly  fits  it^   ' 
moved  by  the  handle  FG.     At  the  farther  end  is  die  blast'  "j 
pipe  HK,  and  on  each  side  of  it  a  valve  in  the  end  of  the 
square  pipe,  opening  inwards.     The  piston  is  sufficiently 
tight  fur  their  purposes  without  any  leathering. 

The  piston  of  this  cylinder  bellows  is  moved  by  machi- 
nery. In  some  blast  engines  the  piston  is  simply  raised  by 
the  machine,  and  then  let  go,  and  it  descends  by  its  own  ^ 
weight,  and  compresses  the  air  below  it  to  such  a  degree^ 
that  the  velocity  of  efBux  becomes  constant,  and  die  pistoD 
descends  uniformly :  for  this  purpose  it  must  be  loaded 
with  a  proper  weight.  This  produces  a  very  uniform  btaat, 
except  at  the  very  beginning,  while  the  piston  falls  suddcit- 
ly  and  compreeses  the  air :  but  in  most  engines  tlie  pistoD 
rod  is  forced  down  the  cylinder  wiUi  a  determined  motion, 
by  means  of  a  beam,  crank,  or  other  contrivance.  This 
gives  a  more  unequal  blast,  because  the  motion  of  tlic  pis* 
ton  is  necessarily  slow  in  the  beginning  and  cud  of  the 
stroke,  and  quicker  in  the  middle. 

But  in  all  it  is  pimn  that  the  blast  must  be  desultory. 
It  ceases  while  the  piston  is  rinng ;  tor  this  reason  it  is 
usual  to  have  two  cylinders,  as  it  was  formerly  usual  to 
have  two  bellows  which  worked  alternately.  Sometimes 
tlirce  or  four  are  usc-d,  as  at  the  Carron  iron-works.  This 
makes  a  blast  abundantly  uniform. 

But  an  uniform  blast  may  be  made  with  a  single  cyiia- 
der,  by  making  it  deliver  its  air  into  another  cylinder, 
which  has  a  piston  exactly  fitted  to  its  bore,  and  loaded 
with  a  sufficient  weight,  Tlie  blowing  cyUndiT  AilCD 
(Tig.  97.)  has  its  piston  P  worked  by  a  rod  NI',  connect- 
ed by  double  chains,  with  the  arched  head  of  the  working 
beam  NO  moving  round  a  gudgeon  at  R.  The  other  end 
O  of  this  beam  is  connected  by  the  rod  OP,  with  the  crank 
PQ  ol'  a  wheel  machine;  or  it  may  be  connected  with  the 
piston  of  a  sleom-cngine,  5:c.  fitc.     The  blowing  cylinder 
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has  a  valve  or  valves  E  in  its  bottom,  opeiung  inwaRk 
There  proceeds  from  it  a  large  pipe  CF,  which  enteca  the 
reguladng  cjlinder  GHKI,  and  has  a  valve  at  top  to  pre- 
vent the  air  from  getting  back  into  the  blowing  cyUnder. 
It  is  evident  that  the  ur  forced  into  this  cylinder  must  raise 
its  piston  L,  and  that  it  must  afterwards  descend,  while  the 
other  piston  is  rising.  It  must  descend  umfixmly,  and 
make  a  perfectly  equable  blast 

Observe,  that  if  the  jnston  L  be  at  the  bottom  when  the 
machine  begins  to  work,  it  will  be  at  the  bottom  at  the  end 
of  every  stroke,  if  the  tuyere  T  emits  as  much  air  as  the 
cylinder  ABCD  furnishes ;  nay,  it  will  lie  a  while  at  the 
bottom ;  for,  while  it  was  rising,  air  was  issuing  through  T. 
This  would  make  an  interrupted  blast.  To  prevent  this, 
the  orifice  T  must  be  lessened ;  but  then  there  will  be  a 
surplus  of  air  at  the  end  of  eadi  stroke,  and  the  piston  L 
will  rise  continually,  and  at  last  get  to  the  top,  and  i^ow 
lur  to  escape.  It  is  just  possible  to  adjust  drcamstances, 
so  that  neither  shall  happen.  This  is  done  easier  by  pot- 
ting a  stop  in  the  way  of  the  piston,  and  putting  a  valve 
GQ  the  piston,  or  on  the  conducting  pipe  KST,  loaded  with 
a  weight  a  little  superior  to  the  intended  elasticity  of  the 
air  in  the  cylinder.  Therefore  when  the  jnston  is  prevent- 
ed by  the  stop  from  rising,  the  snifting  valve,  as  it  is  called, 
is  forced  open,  the  superfluous  air  escapes,  and  the  blast 
preserves  its  uniformity. 

It  may  be  of  use  to  give  the  dimensions  of  a  machine  of 
this  kind,  which  has  worked  for  some  years  at  a  very  great 
fnmace,  and  given  satisfaction. 

The  diameter  of  the  blowing  cylinder  is  5  feet,  and  the 
length  of  the  stroke  is  6.  Its  piston  is  loaded  with  S^  tons. 
It  is  worked  by  a  steam-engine  whose  cylinder  is  3  feet  4 
inches  wide,  with  a  six-feet  stroke.  The  regulating  cylin- 
der is  8  feet  wide,  and  its  piston  is  loaded  with  8|  tcms, 
making  about  S,63  pounds  on  the  square  inch  ;  and  it  is 
very  nearly  in  equilibrio  with  the  load  on  the  piston  of 
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the  blowing  cylinder.     Tlic  conducting  pipe  KST  is  lA 
inches  in  diameter,  and  the  orifice  of  the  tuyen'  was  1|  J 
incbeit  when  the  engine  was  erected,  but  it  has  gradu^ltf  1 
enlarged  bj  reason  nf  the  intense  heat  to  which  it  is  e 
posed.     The  sniping  valve  is  loaded  with  three  pounds  oft  I 
the  Mjuare  inch. 

When  the  engine  worked  briskly,  it  made  18  stroki 
per  niinute,  ujd  there  was  always  much  air  discharged  bg  1 
the  sniAing  valve.  ^Vhen  the  etiginc  made  15  strokes  pflr  I 
Mitnute,  the  snlfting  vnlve  opened  hut  seldom,  ao  tliat  Ihiiigf  ] 
were  nearly  adjusted  to  this  supply.  Each  stroke  of  tbi  \ 
Uowing  cyhnder  sent  in  US  cubic  feet  of  common  air. 
The  ordinary  pressure  of  the  uir  being  supposed  I4f  ] 
pounds  on  an  incli,  the  density  of  the  air  in  the  regulating  J 


14,75 
aty  being  1. 

This  machine  gives  on  opportunity  of  eoniparlng  the  vi^   | 
pence  of  air  with  the  thi-ory.     It  must  (at  itic  rate  of  Id 
strokes)  expel  SO  cubic  feet  of  air  in  a  second  through  •  J 
hole  of  IJ   inches  in  diameter.     This  gives  a  velocity  ai.  I 
near  2000  feet  per  second,  and  of  more  than  liiOO  feet  tat 
the  condensed  ^r.     This  is  vastly  greater  than  the  tlicoiy 
can  give  or  is  indeed  {wsuble ;  fur  air  docs  not  rush  into  ■ 
void  with  so  great  velocity.    It  shows  with  great  evidence^ 
that  n  va»t  quantity  of  ^r  must  csca]]e  roimd  the  tW9 
pistons.     Their  united  circumferences  amount  to  above 
40  feel,  and  they  move  in  a  dry  cylinder.    It  is  impossible 
to  prevent  a  very  great  loss.     Accordingly,  a  cnndle  hcfaj 
near  the  edge  of  the  piston  L  has  its  flame  very  much  dii^   ' 
lut4)cd.     This  case,  tlicrcforc,  gives  no  hold  fur  a  calculi^   1 
lion ;  and  it  suggests  the  propriety  of  attempting  to  d 
nish  this  great  waste. 

This  lias  been  very  ingeniously  done  (in  part  at  leut)   ' 

at  tome  other  furnaces.     At  Uniouh  foundry,  near  Glafc  j 

gow,  the  bkming  cyUnder  (also  worked  by  a  nteam-en^ne)  ] 
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delivers  its  air  into  a  chest  without  a  bottom,  wUdi  b  inu 
mened  in  a  large  dstem  of  water,  and  supported  at  a  small 
height  from  the  bottom  of  the  cistern,  and  has  a  {upe  from 
its  top  leading  to  the  tuyere.  The  water  stands  about  five 
feet  above  the  lower  brim  of  the  regulating  air-cbest,  and 
by  its  pressure  gives  the  most  perfect  uniformity  of  blast, 
without  allowing  a  particle  of  air  to  get  off  by  any  odier 
passage  bendes  the  tuyere.  This  is  a  very  effectual  re- 
gulator, and  must  produce  a  great  saving  of  power,  be- 
cause a  smaller  blowing  cylinder  will  thus  supply  the 
blast  We  have  not  learned  the  dimensions  and  per- 
formance of  this  engine.  We  must  observe,  that  the  loss 
round  the  piston  of  the  blowing  cylinder  remains  un£nu- 
nished. 

A  blowing  machine  was  erected  many  years  ago  at  Chas- 
tillon,  in  France,  on  a  principle  considerably  different,  and 
which  must  be  perfectly  aur-tight  throughout.  Two  cy- 
linders A,  B  (Fig.  98.)  loaded  with  great  weights,  were 
suspended  at  the  ends  of  the  lever  CD,  moving  round  the 
gudgeon  E.  From  the  top  F,  6  of  each  there  was  a  lai^ 
flexible  pipe  which  united  in  H,  from  whence  a  pipe  KT 
led  to  the  tuyere  T.  There  were  valves  at  F  and  G  open- 
ing outwards,  or  into  the  flexible  pipes ;  and  other  valves 
L,  M,  adjoining  to  them  in  the  top  of  each  cylinder  open- 
ing inwards,  but  kept  shut  by  a  slight  spring.  Moticm  was 
given  to  the  lever  by  a  machine.  The  operation  of  this 
blowing  machine  is  evident.  When  the  cylinder  A  was 
pulled  down,  or  allowed  to  descend,  the  water,  entering  at 
its  bottom,  compressed  the  air,  and  forced  it  along  the 
passage  FHKT.  In  the  meantime,  the  cylinder  B  was 
rising,  and  the  air  entered  by  the  valve  M.  We  see  that 
the  blast  will  be  very  unequal,  increasing  as  the  cylinder 
is  immersed  deeper.  It  is  needless  to  describe  this  m^ 
chine  more  particularly,  because  we  shall  give  an  account 
of  one  which  we  think  perFect  in  its  kind,  and  which  leaves 
hardly  any  thing  to  be  desired  in  a  machine  of  this  sort. 
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cnteil  by  Mr  John  Laurie,  lanii-surveyor  in 
,  many  years  ago,  and  improved  in  some  re- 
spects since  his  death  by  an  ingetuous  person  of  that  city. 

ABCD  (Fig.  99.)  is  an  iron  cyhnder,  truly  bored  with- 
in,  and  evasat«d  a-top  like  a  cup.  EFGH  is  another, 
truly  turned  both  without  and  within,  and  a  small  ntalter 
less  than  the  inner  diameter  of  the  first  cylinder.  This 
cylinder  is  cloae  above,  :uid  hangs  from  the  end  of  a  lever 
moved  by  a  machine.  It  is  also  loaded  with  weights  at 
N.  KILM  Is  a  third  cylinder,  whose  outside  diameter  is 
somewhat  less  than  the  inside  diameter  of  the  second.  This 
inner  cylinder  is  iixed  to  the  same  bottom  with  the  outer 
cylinder.  The  middle  cylinder  is  loose,  and  can  move  up 
and  down  between  the  outer  and  inner  cylinders,  without 
rubbing  on  either  of  them.  The  inner  cylinder  is  per- 
forated from  lop  to  bottom  by  three  pipes  OQ,  SV,  PR. 
The  pipes  OQ,  PR  have  valves  at  their  upper  ends  0,  P, 
and  communicate  witli  the  external  air  below.  The  pipe 
SV  has  a  horizontal  ]Mirt  VW,  which  again  turns  upwards, 
and  has  a  valve  at  top  X.  This  upright  part  WX  is  in 
the  middle  of  a  cistern  of  walerj'b  kg.  Into  this  cistern 
is  fixed  an  ur-chest  a  YZ  A,  open  below,  and  having  at 
top  a  pipe  cde  terminating  in  the  tuyere  at  the  furnace. 

When  the  machine  is  at  rest,  the  valves  X,  O,  P,  are 
eliut  by  their  own  weights,  and  the  air-cbest  is  fuU  of  wa- 
ter. When  things  are  in  this  state,  the  middle  cylinder 
EFGH  is  drawn  up  by  the  machinery  till  its  lower  brims 
F  and  G  are  equal  with  the  top  RM  of  the  inner  cylinder. 
Now  pour  in  water  or  oil  between  the  outer  and  middle 
cylinders :  it  will  run  down  and  fill  the  space  between  tlic 
outer  and  inner  cylinders.  Let  it  come  to  the  top  of  the 
inner  cyhnder. 

Now  let  the  loaded  middle  cylinder  descend.  It  c«nnoL 
do  this  without  compressing  the  air  which  is  between  its 
top  and  the  top  of  die  inner  cylinder.  This  lur  being  ooiii- 
preaaed  will  cause  the  water  lo  deitcencl  between  the  inner 
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and  tniddli?  cytindcrfl,  and  ris«  betn-eca  the  middieiai 

outer  cylinders,  spreading  into  the  cup  ;  and  as  the  mUk 

cylinder  advances  downwards,  the  water  will  dcwad  im- 

tliCT  within  it  and  rise  Kartber  without  it.    When  ti  W  |di 

so  far  down,  and  the  air  ha<i  been  so  much 

that  the  difference  belwcpn  the  sur^tce  of  the  ■ 

inside  and  outside  of  this  cylinder   is  greater 

depth  of  water  between  X  and  the  surface  of 

air  will  go  out  by  the  pipe  SVW,  and   will   li 

air  chest,  and  will  remain  there  if  r  be  shut,  wUi 

suppose  Ibr  the  present.     Pushing  down  the 

dcr  till  the  partition   touch  the  top  of  the  u 

all  the  air  which  was  f<»'merly  between  them  wiD  fail 

into  the  lur-chest,  and  will  drive  out  water  from  it    DiOT 

up  the  middle  cylinder,  and  the  external  air  wtU  c| 

valves  O,  P,  and  again  lill  the  space  betweea  the 

and  inner  cylinders  t  fur  the  valve  X  wiO   &bul,  awl  p0t 

rent  the  regress  of  the  condensed  air.     Sy  ptufaiif  dnit- 

the  middle  cylinder  a  second  time,   more  air  will  be  ftnttf 

into  the  lur-chesc,  and  it  will  at  last  esc^ie  b^  getting  out 

Iwtween  its  brims  Y,  Z,  and  the  bottom  of  the  dal 

if  we  open  the  passage  c,  it  will  pass  alon^  the  couluilcitA 

to  the  tuyere,  and  form  a  blast. 

The  operation  of  this  machine  is  similar  to  Mr  Ualdu^ 
qutcknlver  pump  described  by  Desa^licrs  at  the  end  if 
the  second  volume  of  his  Expcnmentai  Phiknophy.  Tit 
force  which  condenses  the  wr  is  the  load  ea  the  anAdHttf^ 
lindo'.  The  use  of  (he  water  betw}<eD  the  im 
r^linders  is  to  prevent  this  air  from  esespuig; 
cylinder  thus  performs  the  office  of  a  pblt 
triction.  Ii  is  necessary  tliat  the  Icagth  of  ' 
middle  c}-linders  be  greater  tlian  the  depth 
gutstor-dstem,  that  there  may  be  a  suflicteiA^ 
the  water  to  rise  between  the  middle  and  cnXiOf 
e  the  compressed  air,  and  oblige  it  to 
arge  Uad-funiace  will  require  thi 


mKUHATic*.  791 

dstera  live  feet  deep^  aad  the  cylinders  about  six  or  sevea 
teei  long. 

It  U  in  fact  a  pump  without  InctioQ,  aod  is  perfectly 
air-dghL  The  quickness  of  its  operation  depends  on  ths  | 
small  space  between  the  middle  cylinder  and  the  twoi  i 
others;  and  this  is  the  only  use  of  these  two.  Witliout.  ■ 
tbeee  it  would  be  similar  to  the  engine  at  Chastillou,  and,  i 
operate  more  unequally  and  slowly.  lis  only  iuperfection  { 
i^  that  if  the  cylinder  begin  its  motion  of  ascent  or  descent  | 
rapidly,  as  it  will  do  when  worked  by  a  steam-engine,  thero  i 
will  be  some  duiger  of  water  dashing  over  tlie  top  of  thfe  | 
iDoer  cylinder  and  getting  into  the  pipe  SV;  but  should  « 
this  happen,  an  bsue  can  easily  be  contrived  for  it  at  V*  < 
aivered  wiUi  a  loaded  valve  v.  This  will  never  happen  if  ( 
the  cylinder  is  moved  by  a  crank. 

One  blowing  cylinder  only  is  represented  here,  but  two 
may  be  used. 

We  do  not  hentate  in  recommending  this  form  of  bel- 
lows as  tlie  most  perfect  of  any.  and  fit  for  all  uses  whers 
standing  bellows  are  required.     They  will  be  cheaper  thaa   i 
any  other  sort  (it  for  common  purposes.     For  a  commoD   I 
smith's  ibrge  they  may  be  made  witti  square  wooden  bones 
instead  of  cylinders.     They  are  also  easily  repaired.     They 
are  perfectly  tight ;  and  they  may  be  made  witli  a  blast   | 
almost  perfectly  uniform,  by  making  the  astern  in  which 
the  air-chest  stands  of  considerable  dimensions.     When  < 
this  is  the  case,  the  h^ht  of  water,  which  regulates  the  | 
blast,  will  vary  very  little.  | 

This  may  suffice  for  an  account  of  blast  nadiines.  Tbf  < 
leading  parts  of  their  construction  liave  been  described  aa 
far  only  as  was  necessary  for  understanding  their  opera-  i 
tion,  and  enabling  an  engineer  to  erect  them  in  the  most 
comniodbus  manner.  Views  of  complete  machines  might 
Iiave  amused,  but  ihey  would  nut  have  added  to  our 
reader's  infornmtion.  I 

But  the  account  is  imperfect,  unless  wc  show  how  llieir 
parts  may  be  so  proportioned  ihat  tliey  sliall  perform  what  J 
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18  expected  from  them.  The  engineer  should  know  what 
size  of  beUows,  and  what  load  on  the  board  or  piston,  and 
what  size  of  tuyere,  will  give  the  blast  which  the  service 
requires,  and  what  force  must  be  employed  to  give  them 
the  nqcessary  degree  of  motion.  We  shall  accomplish 
these  purposes  by  considering  the  effliix  of  the  compressed 
lur  through  the  tuyere.  The  proportions  fcMrmerly  de- 
hvered  will  enable  us  to  ascertain  this. 

That  we  may  proportion  every  thing  to  the  power  em- 
ployed, we  must  recollect,  that  if  the  jnston  of  a  cylinder 
employed  for  expelling  air  be  pressed  down  with  any  force 
/^,  it  must  be  considered  as  superadded  to  the  atmospheric 
pressure  P  on  the  same  piston,  in  order  that  we  may  coin- 
pare  the  velodty  v  of  efflux  with  the  known  velodty  V  ^th 
which  air  rushes  into  a  void.    By  what  has  been  formerly 

delivered,  it  appears  that  this  velocity  t;  =  V  X     /  -^  i 

where  P  is  the  pressure  of  the  atmosphere  on  the  piston, 
and  p  the  additional  load  laid  on  it.  This  velocity  is  ex- 
pressed in  feet  per  second ;  and,  when  multiplied  by  the 
area  of  the  orifice  (also  expressed  in  square  feet),  it  will 
give  us  the  cubical  feet  of  condensed  air  expelled  in  a  se- 
cond ;  but  th6  bellows  are  always  to  be  filled  again  with 
common  idr,  and  therefore  we  want  to  know  the  quantity 
of  common  air  which  will  be  expelled ;  for  it  is  this 
which  determines  the  number  of  strokes  which  must 
be  made  in  a  minute,  in  order  that  Ihe  proper  supply 
may  be  obtained.  Therefore  recollect  that  the  quantity 
expelled  from  a  given  oiifice  mth  a  given  velocity,  is  in  the 
proportion  of  the  density ;  and  that  when  D  is  the  density 
of  common  air  produced  by  the  pressiue  P,  the  density  i 

produced  by  the  pressure  P+^,  is  D  x  -^  ;  or  if  D  be 

made  1,  we  have  d  =  — ^-  • 

Therefore  calling  the  area  of  the  orifice  expressed  in 
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squaie  feet  O,  and*  the  quantity  of  oommoD  air,  or  the 
cubic  feet  expeUed  in  a  second  Q,  we  have  Q  =  VxOx 

Xt  will  be  suffidentl  J  exact  for  all  practical  purposes  to 
suppose  P  to  be  15  pounds  on  every  square  inch  of  the  pis- 
ton ;  and  p  is  then  conveniently  expressed  by  the  pounds 
of  additional  load  on  every  square  inch :  we  may  also  take 
V  =  188a  feet. 

As  the  orifice  through  which  the  air  is  expelled  is  gene- 
rally very  small,  never  exceeding  three  inches  in  diameter, 
it  will  be  more  convenient  to  express  it  in  square  inches ; 
which  bdung  the  ^^  of  a  square  foot,  we  shall  have  the 

1S3S 
cubic  feet  q£  common  air  expelled  in  a  second,  or  Q  =  yiT 


xEtf 


and  this  seems  to  be  as  ample  an  expression  as  we  can  ob- 
tain. 

This  will  perhaps  be  illustrated  by  taking  an  example  in 
numbers.  Let  the  area  of  the  piston  be  four  square  feet, 
and  the  area  of  the  round  hole  through  which  the  air  is  ex- 
pelled be  two  inches,  its  diameter  bemg  1,6,  and  let  the 
load  on  the  piston  be  1728  pounds :  this  is  three  pounds  on 
every  square  inch.    We  have  P  =  15,  p  =  3,  P  +  p=.  18, 


and  0  =  2;  therefore  we  will  have  Q  z=,  2x9,25x 


ya 


-.,  =  9,053  cubic  feet  of  common  air  expelled  in  a  second. 

This  will  however  be  diminished  at  least  one*third  by  the 
contraction  of  the  jet ;  and  therefore  the  supply  will  not 
exceed  ax  cubic  feet  per  second.  Supposing  therefore  that 
this  blowing  machine  is  a  cyhnder  or  prism  of  this  dimen- 
sion in  its  section,  die  piston  so  loaded  would  (after  having 
compressed  the  sat)  descend  about  15  inches  ia  a  second :  it 
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would  firsi  sink  |  of  the  wbole  lengdi  of  tlie  c^liiider  prettjr 
suddenly,  till  it  iiad  redoeed  the  air  to  the  denn^  4|,  and 
would  then  descend  uniformly  at  the  above  rate,  ezpeUiag 
six  cubic  feet  of  common  air  in  a  second. 

The  computation  is  made  much  in  the  same  way  finr  bel- 
lows of  the  common  form,  with  this  additional  circum- 
gtance,  that  as  the  loaded  board  moves  round  a  hinge  at 
one  end,  the  pressure  of  the  load  must  be  ralcnlatfd  ac- 
cordingly. The  computation,  however,  becomes  a  Uttle 
intricate,  when  the  form  of  the  loaded  board  is  not  rectan. 
gular ;  it  is  almost  useless  when  the  bellows  have  flexible 
odes,  either  Uke  smithes  bellows  or  like  organ  bellow^  be. 
eause  the  change  of  figure  during  their  motion  makes  con^ 
tinual  variation  on  the  compressing  powers.  It  is  thorefiire 
diiefly  with  respect  to  the  great  wooden  beUows,  of  which 
the  upper  board  slides  down  between  the  sides,  that  the 
above  calculation  is  of  service. 

The  propriety  however  of  this  piece  of  information  is 
evident ;  we  do  not  know  precisely  the  quantity  of  air  ne- 
cessary for  animating  a  furnace ;  but  this  calculation  telb 
us  what  force  must  be  employed  for  expelling  the  air  tfiat 
may  be  thought  necessary.  If  we  have  fixed  on  the  strength 
of  the  blast,  and  the  diameter  of  the  cylinder,  we  learn  the 
weight  with  which  the  piston  must  be  loaded ;  the  length 
of  the  cylinder  determines  its  capacity,  the  above  calcula- 
tion tells  the  expense  per  second ;  hence  we  have  the  time 
of  the  piston^s  coming  to  the  bottom.  This  gives  us  the 
number  of  strokes  per  minute :  the  load  must  be  lifted  up 
by  the  machine  this  number  of  times,  making  the  time  of 
ascent  precisely  equal  to  that  of  descent ;  otherwise  the  ma- 
chine will  either  catch  and  stop  the  descent  of  the  piston, 
or  allow  it  to  lie  inactive  for  a  while  of  each  stroke.  These 
circumstances  determine  the  labour  to  be  performed  by  the 
machine,  and  it  must  be  constructed  accordingly.  Thus 
the  engineer  will  not  be  affronted  by  its  failure,  nor  will 
he  expend  needless  power  and  cost. 
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In  tnochincs  which  force  the  pistoa  ov  boUows-board  with 
a  oortnin  determined  motion,  difierent  from  what  ariaeft  • 
iniin  tJieir  own  weight,  the  computation  is  extremely  intti*  1 
cate.  When  a  |>iston  moves  by  a  crank,  its  raotion  at  tb»  | 
bc^^nipg  and  end  of  eaeli  stroke  is  slow,  and  tlie  conipresa  [ 
won  and  efflux  is  continually  changing:  we  can  ItowevdB  j 
appro^iiniale  to  a  statement  of  the  force  required. 

Rvery  time  the  piston  is  drawn  up,   a  certain  spuce  aS  i 
the  ojlioder  is  filled  again  with  air  of  the  common  density  i  ' 
and  this  is  expelled  during  the  descent  of  the  piston.     A 
certain  number  of  cubic  feet  of  common  air  is  therefore  ex- 
pelled with  a  Telocity  which  perhaps  continually  variea; 
but  there  is  a  medium   velocity  with  which  it  might  liave 
been  uniformly  expelled,  and  a  pressure  corresponding  to 
this  velocity.     To   find   this,  divide  the  area  of  the  pistoa 
by  the  area  of  the  blast-hole  (or  rather  by  this  area  muld*  i 
ptied  by  0,6t3,  in  order  to  take  in  the  effect  of  the  cuoi  J 
tracted  jet),  and  mulQply  the  lengili  of  the  stroke  perfomH  j 
ed  in  s  second  by  the  quotient  arising  from  tJiia  diviBion|,l 
the  product  is  the  medium  velocity  of  the  air  (of  die  nnliK  J 
ral  density).    Then  find  by  calculation  the  height  tbrougit  J 
W^icli  a  heavy  body  must   fall  in  order  to  acquire  this  vi 
lodty  ;  this  is  the  height  of  a  column  of  homogeneous  a 
which  would  expel  it  with   thia  velocity.     The  weight  o^  J 
this  column  is  the  least  force  that  can  be  exerted  by  tha  4 
engine ;  but  this  force  is  loo  small  to  overcome  the  resist*  J 
ance  in  the  middle  of  the  stroke,  and  it  is  too  great  eve 
far  the  end  of  the  stroke,  and  mucJi   too  great  fi>r  the  be>  I 
ginning  of  it.    But  if  the  niachine  is  turned  by  a  very  heavy  0 
water-wheel,  tliis  will  act  as  a  regulator,  accumulating  tq 
itaelf  the  superfluous  li)rce  during  the  too  favourable  pooa  J 
lions  of  the  crank,  and  exerting  it  by  its  vU  imita  during  J 
the  time  of  greatest  efiurt.     A  Ibrce  nut  greatly  exceeding  ^ 
the  weight  of  this  column  of  air  will  thcrcfoic  suffice.     Oa  ' 
the  other  hand,  if  the  strength  of  the  blast  be  determined, 
whicli  is  the  general  stnle  of  the  problem,  this  determines 
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Uk  degree  of  condensalion  of  U)e  air,  and  the  loail  on  t^ 

square  indi  of  the  piston,  or  tbe  mean  time  whkh  tiwM* 

chiae  must  eiiert  od  it.     A  tftbl«,  which  will  be 

aently,  detennines  the  culnc  feet  of  commoti  wr 

a  seoond,  onrespondiDg  to  this  load.     This 

the  proposed  dimensions  of  the  cylinder,  wtU  give  tk 

acent  of  the  piston  or  the  length  of  tbc  stroke. 

These  gennal  observations  «ppi/   to  all  fciB»<^l 
lows ;  and  without  a  knowledge  of  tbem  no  penon 
erect  a  machine  fur  working  them  without  total  ui 
or  servile  imitation.     In  order,  therefore,  that  tfaej 
be  useful  to  such  as  are  not  accustomed  to  the 
of  even  ibese  simple  formula,  we  insert  tbefultonigifaKt 
table  of  the  vdocity  and  quantitv  of  air  dbcha^ed  faiat 
cylinder  whose  pston  is  loaded  with  the  pounds  co 
in  the  first  column  on  every  square  inch.      The 
coiomn  contains  the  velocity  with  which  tbe 
ruifaea  out  through  any  muUl  bole ;  and  tbe  third 
ia  the  cubic  feet  discharged  from  a  bole  whose  a 
square  inch  ;  column  fourth  contains  the  mean  vdodly  tf 
sir  of  the  common  density ;  and  rip^imn  fifth  is  tlie 
feet  of  common  air  dischai^ed  ;  the  sixth   foiit—i  i>  ill 
height  in  inches  at  which  tbe  force  of  the  bbut 
port  a  column  of  water  if  a  pipe  were  inserted 
of  the  cylindo'.     This  is  an  extremely  proper 
such  mechanics,  showing  at  all  times  the  powi 
chines,  and  teaching  us  what  inlemi^  of 
for  differaat  purposes.     The  table  is 

that  tbe  ordinary  presanxe  of 
on  a  sqtiare  inch.     Tlus  is 
and  therefixe  the  velocities  are  a  htUe  too 
qmntities  discharged  will  be  fotmd  about  ^ 
out  affecting  the  velocities)  on  account  of  the 
of  the  stream. 
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I 

II 

III 

IV 

V 

V[ 

h 

i3t> 

"1.66 

S« 

1.71 

u 

333 

231 

355 

!,*7 

27 

n 

*(H 

!.79 

43T 

3,06 

40 

t 

WT 

3,IT 

619 

3,60 

64 

St 

600 

S,49 

664 

*,» 

68 

3 

M 

3,78 

653 

4.63 

»S 

34 

ess 

+.03 

Tia 

4.98 

95 

en 

M* 

71* 

5.38 

109 

H 

e*2 

*M 

Sit 

5.75 

ITS 

eee 

4,fiJ 

889 

6.17 

130 

H 

693 

*,«* 

960 

6.49 

150 

6 

TlI 

fl.06 

997 

6,98 

163 

This  table  extends  for  beyond  the  limits  of  ordinary  use, 
very  few  blast-furnaces  having  a  force  exceeding  60  inches 
of  water. 

We  shall  conclude  this  account  of  blowing  machines 
with  a  description  of  a  small  one  for  a  blow>pipe.  (Fig.  100.) 
EFGH  is  a  vessel  contmning  water,  about  two  feet  deep. 
ABCD  is  the  air-box  of  the  blower  open  below,  and  hav- 
ing A  pipe  ILK  rising  up  from  it  to  a  convenient  height ; 
an  arm  ON  which  grasps  this  pipe  carries  the  lamp  N  1  liic 
blow-pipe  LM  comes  from  the  top  of  the  upright  pipe. 
FKQ  is  the  feeding  pipe  reaching  near  to  the  bottom  of 
the  vessel 

Water  being  poured  into  the  vessel  below,  and  its  cover 
bong  put  on,  which  6ls  the  upright  pipe,  and  touches  two 
studs  a,  a,  projecting  from  it,  blow  in  a.  quantity  of  air  by 
the  feeding  pipe  FQ  ;  this  expels  the  water  from  the  air- 
box,  and  occasions  a  pressure  which  produces  tlie  blast 
through  the  blow-pipe  M. 

In  a  former  paragraph  of  this  article,  we  mentioned  an 
application  which  has  been  mode  of  Hero's  fountain,  at 
Chemnitz,  in  Hungary,  for  raising  water  from  the  bottom 
of  a  mine.  We  shall  now  give  an  account  of  this  very  in- 
genious contrivance. 

In  Fig.  101.  B  represents  the  source  of  water  elevated 
ij^Kive  the  mouth  of  the  pit  136  feet.     From  this  there  i» 

i  a  pipe  BItCDE  four  inches  diameter.   This  pipe  eutcris 
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the  top  of  a  coj^per  cylinder  bcde,  8^  feet  high,  five  feet 
diameter,  and  two  indies  tfaidc,  and  it  readies  to  within 
four  inches  of  the  bottom ;  it  has  a  eock  at  C.  This  cy- 
linder has  a  cock  at  F,  and  a  very  ku^  one  at  E.  From 
the  top  6  c  proceeds  a  pipe  GHH^  two  inches  in  diameter, 
which  goes  down  the  pit  96  feet^  and  is  inserted  into  the 
top  of  another  brass  cyhnder  fghi^  which  is  6^  feet  high, 
four  feet  diameter,  and  two  inches  diick,  oontsdning  83 
culnc  feet,  whidi  is  very  nearly  one  half  of  the  capadty  of 
the  other,  viz.  of  170  cubic  feet  There  is  another  pipe 
NI  of  four  inches  diameter,  which  rises  fix>m  within  four 
incnes  of  the  bottom  of  this  lower  cylinder,  is  soldered  in- 
to  its  top,  and  rises  to  the  trough  NO,  which  carries  off 
the  water  from  the  mouth  of  the  pit  This  lower  cylin- 
der communicates  at  the  bottom  with  the  water  L  which 
collects  in  the  drains  of  the  mine.  A  large  cock  K  serves 
to  admit  or  exclude  this  water ;  another  cock  M,  at  the 
top  of  this  cylinder,  communicates  mth  the  external  air. 

Now  suppose  the  cock  C  shut,  and  all  the  rest  cpen ; 
the  upper  cylinder  will  contun  air,  and  the  lower  cylinder 
will  be  filled  with  water,  because  it  is  sunk  so  deep  that  its 
top  is  below  the  usual  surface  of  the  mine-waters.  Now 
shut  the  cocks  F,  E,  M,  E,  and  open  the  cock  C.  The 
water  of  the  source  B  must  run  in  by  the  orifice  D,  and 
rise  in  the  upper  cylinder,  compressing  the  air  above  it 
and  along  the  pipe  GHH^,  and  thus  acting  on  the  surface 
of  the  water  in  the  lower  cylinder.  It  will  therefore  cause 
it  to  rise  gradually  in  the  pipe  IN,  where  it  will  always  be 
of  such  a  height  that  its  weigtvt  balances  the  elastidty  of 
the  compressed  air.  Suppose  no  issue  given  to  the  air  from 
the  upper  cylinder,  it  would  be  compressed  into  J^th  of  its 
bulk  by  the  column  of  136  feet  high ;  for  a  column  of  84 
feet  nearly  balances  the  ordinary  elastidty  of  the  air. 
Therefore  when  there  is  an  issue  given  to  it  through  the 
pipe  GHH,  it  will  drive  the  compressed  mr  along  this  pipe, 
and  it  will  expel  water  from  the  lower  cylinder.     When 
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ibe  Upper  cylinder  is  full  at'  water,  there  will  (>e  Si  cubic 
feet  of  water  expelled  from  the  lover  cylinder.    If  the  pipe 
IN  had  been  more  than  136  feet  long,  the  water  would 
have  risen  1J6  feet,  being  then  in  equihbria  witli  the  water 
in  the  lecding  pipe  B^CU  (as  has  been  already  shown),  by 
the  interveniioii  of  the  elastic  mr  ;  but  no  more  water  would 
have  been  expelled  from  the  lower  cylinder  than  what  fills 
this  pipe.    But  the  pipe  being  only  9(>  feet  high,  the  water 
will  be  thrown  out  at  N  with  a  very  great  velocity.     If  it 
were  not  for  the  ^eat  obslructious  which  water  and  air 
must  meet  with  in  their  passage  along  pipes,  it  would  issue 
at  N  with  a  velocity  of  more  than  50  feet  per  second.     It 
issues  much  more  slowly,  and  at  last  the  upper  cylinder  is 
full  of  water,  and  the  water  would  enter  the  pipe  GH  and 
eater  the  lower  cylinder,  and  without  displacing  tlie  ai 
it,  would  rise  through  the  dischai^ng  pipe  IN,  and  rvaA 
off  to  waste.    To  prevent  this  there  hangs  in  the  pipe  HIjt'l 
a  cork  ball  or  double  cona,|by  a  brass  wire,  which  is  gui<^  J 
ed  by  holes  in  two  cross  pieces  in  the  pipe  HG.     Whe&'J 
the  upper  cylinder  is  filled  with  water,  tliis  cork  plugs  u 
the  orifice  G,  and  no  water  is  wasted ;  the  influx  at  OA 
now  stops.     But  the  lower  cylinder  contains  compresstd  1 
iiir,  which  would  balance  water  in  a  discharging  pipe  1S6 
feet  high,  whereas  IN  is  only  96.     Therefore  the  water 
will  continue  to  How  nt  N  till  the  ur  has  so  far  expanded 
as  to  balance  only  96  feet  of  water,  that  is,  till  it  occufnes 
i  of  its  ordinary  bulk,  that  is,  ^  of  the  capacity  of  the  up- 
per cylinder,  or  42^  cuImc  feet.     Therefore  42^  cubic  feet 
will  be  expelled,  and  the  effluic  at  N  will  cease;  and  the 
lower  cylinder  is  about  j  full  of  water.    When  the  attentt^ 
■ng  workman  observes  this,  he  shuts  the  cock  C.    He  might  i 
have  done  this  before,  had  he  known  when  the  orifice  G  j 
vas  slopped ;  but  no  loss  ensues  from  the  delay.     At  the  j 
some  time  the  attendant  opens  the  cock  £,  tlie  water  issui 
with  great  violence,   being  pressed  by  the  condenseil  air 
from  the  lower  cylinder.     It  therelbre  issues  with  the  sum 
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of  its  own  weight  and  of  this  compression.  These  grada- 
allj  decrease  together,  bj  the  efflux  of  the  water  and  the 
expansion  of  the  air;  but  this  efflux  stops  before  all  the 
water  has  flowed  out ;  for  there  is  42^  feet  of  the  lower 
^^linder  occupied  by  air.  This  quantity  of  water  remains, 
therefore^  in  the  upper  cylinder  nearly :  the  workman 
knows  this,  because  the  disduurged  water  is  received  first 
of  all  into  a  vessd  containing  ^  of  thecapaci^  of  the  upper 
cylinder.  Whenever  this  is  filled,'  the  attendant  opens  the 
cock  K  by  a  Icxig  rod  which  goes  down  the  shaft ;  this  al- 
lows the  water  of  the  mine  to  fill  the  lower  cylind^,  allows 
the  air  to  get  into  the  upper  cylinder,  and  this  allows  the 
remaining  water  to  run  out  of  it 

And  thus  every  thing  is  brought  into  its  first  condition ; 
and  when  the  attendant  sees  no  more  water  come  out  at  £, 
he  shuts  the  cocks  £  and  M,  and  opens  the  cock  C,  and 
the  operation  is  repeated. 

There  is  a  very  surpnsing  appearance  in  the  working  of 
this  engine.  When  the  efflux  at  N  has  stopped,  if  the 
cock  F  be  opened,  the  water  and  air  rush  out  together 
with  prodigious  violence,  and  the  drops  of  water  are  chang- 
ed into  hail  or  lumps  of  ice.  It  is  a  sight  usually  shown 
to  strangers,  who  are  desired  to  hold  their  hats  to  receive 
the  blast  of  air :  the  ice  comes  out  with  such  violence  as  fre- 
quently to  pierce  the  hat  like  a  pistol  buUet.  This  rapid 
congelatbn  is  a  remarkable  instance  of  the  general  fisict, 
that  air  by  suddenly  expanding,  generates  cold,  its  capa- 
oty  for  heat  bebg  increased.  Thus  the  peasant  cools  his 
broth  by  blowing  over  the  spoon,  even  from  warm  lungs ; 
a  stream  of  air  from  a  pipe  is  always  cooling. 

The  above  account  of  the  procedure  in  working  this 
en^ne  shows  that  the  efflux  both  at  N  and  £  becomes  very 
alow  near  the  end.  It  is  found  convenient  therefore  not 
to  wait  for  the  complete  discharges,  but  to  turn  the  cocks 
when  about  30  cubic  feet  of  water  have  been  discharged 
at  N :  more  work  is  done  in  this  way.     A  gentleman  of 


r  and  luKtwledge  of  lliese  subjects  took  Uic 
troulile,  At  our  dcaire,  of  luiticing  pBrbtularly  the  perform- 
ance of  the  machiae.  He  observed  that  each  stroke,  as  it 
may  be  called,  took  up  about  three  minutes  and  >  ;  and 
that  Si  cubic  teet  of  water  were  discharged  at  N,  and  Gd 
were  expended  at  E.  The  expense  therefore  is  G6  feet  of 
water  falling  136  feet,  and  the  performance  is  32  raised 
96,  and  they  are  in  the  proportion  of  66xl3G  to  32x96, 
or  of  1  to  0,3422,  or  nearly  as  3  to  1.  This  is  superior  to 
the  performance  of  the  most  perfect  undershot  tiiili,  even 
when  all  fiiction  and  irregular  obstrucljons  are  neglected ; 
and  is  not  much  inferior  to  any  overshot  pump-mill  that 
has  yet  been  erected.  When  we  reflect  on  the  great  ob- 
structions which  water  meets  with  in  its  passage  tlirough 
long  pipes,  we  may  be  assured  that,  by  doubling  die  size 
of  tlic  feeder  and  discharger,  die  performance  of  the  ma- 
chine will  be  greatly  ioiproved ;  we  do  not  hesitate  to  say, 
that  it  would  be  increased  j  :  it  is  true  that  it  will  expend 
more  water;  but  this  will  not  be  nearly  in  the  same  pro- 
porUon ;  for  most  of  the  deficiency  of  tlic  machiuL*  arises 
from  the  needless  velocity  of  the  first  cfHux  at  N.  The 
discharging  pipe  ougiit  to  he  110  feet  high,  and  not  give 
sensibly  less  water. 

Then  it  must  be  considered  how  inferior  in  original  ex. 
pense  this  umplc  machine  must  be  to  a  mill  of  any  kind 
which  would  raise  10  cubic  feet  96  feet  blgii  in  a  minute, 
and  how  small  the  repairs  on  it  need  be,  when  cam[>ared 
with  a  mill. 

And,  lastly,  let  it  be  noticed,  tliat  such  a  machine  cut 
be  used  where  no  mill  whatever  con  be  put  in  motiiH).  A 
small  stream  of  water,  whicli  would  not  move  any  kind  of 
wheel,  will  here  raise  \  of  its  awn  quantity  to  the  same 
height ;  working  as  fo^t  a»  it  is  gu|iplied. 

For  nil  these  reasons,  we  iJiink  that  the  Hungarian  m«- 
liiinc  eminently  dcxervcs  the  attention  of  malhemaliciun.i 

ieogincers,  to  bring  il  to  iu  utmost  ytrfeclion,  and  into 
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general  use.  There  are  ataatiom  where  tUa  kind  o£ 
ehine  may  be  verj  uaefiiL  Thus,  where  the  tide  riaea  17 
feet,  it  may  be  a«ed  for  ocrapresang  air  to  }  of  its  bulk  ; 
and  a  pipe  leading  from  «  Tery  lai^ge  veisd  inverted  m  it 
'may  be  uaed  fiiir  lainng  the  water  fiom  a  vetsd  of 
}  of  its  capacity  ITlSeethigb;  or  if  this  vesMl  has  only  fV 
of  the  d^MMsity  of  the  large  one  set  in  the  tide-way^  two 
pipes  may  be  led  from  it ;  one  into  the  amali  vessel,  and 
the  other  into  an  equal  Tessd  16  iieet  higher,  which  teoetres 
die  water  from  the  first  Thus  ^  of  the  water  may  be 
raised  34  feet,  and  a  smaller  quantity  to  a  still  greater 
haght ;  and  this  with  a  lund  of  pow^  that  can  hardly  be 
applied  in  any  other  way.  Machines  of  this  kind  are  de- 
scribed by  Schottos,  Sturmius,  Leupold,  and  cvther  old 
writers ;  and  they  should  not  be  forgotten,  because  oppor- 
tunides  may  offer  of  making  them  highly  useful*  A  gn- 
tle^an*B  house  in  the  country  may  thus  be  supplied  with 
water  by  a  madiine  that  will  cost  little,  and  hardly  go  out 
of  repair. 

The  last  pneumatical  engine  which  we  shall  speak  of  at 
present  is  the  common  fanners,  used  for  winnowing  grain, 
and  for  drawing  air  out  of  a  room :  and  we  have  but  few 
observations  to  make  on  them. 

The  wings  of  the  fanners  are  enclosed  in  a  cylinder  or 
drum,  whose  circular  sides  have  a  large  opening  BD£ 
(Fig.  102.)  round  the  centre,  to  admit  the  air.  By  turning 
the  wings  rapdly  round,  the  air  is  hurried  round  alcmg 
with  them,  and  thus  acquires  a  centrifugal  tendency,  by 
which  it  presses  strongly  on  the  outer  rim  of  the  drum  : 
this  is  gradually  detached  from  the  circle  as  at  KI,  and 
terminated  in  a  trunk  IH6F,  which  goes  off  in  a  tangen- 
tial direction ;  the  air  therefore  is  driven  along  this  pas- 
sage. 

If  the  wings  were  disposed  in  planes  paaung  through 
the  axis  C,  the  compression  of  the  ait  by  their  anterior  sur- 
face would  give  it  some  tendency  to  escape  in  every  diree- 
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tum^  and  would  obstruct  in  some  degree  Ae  arrival  of 
more  air  through  the  nde-holes.  They  are  therefore  re- 
clined a  little  backward,  as  represented  in  the  figure.  It 
may  be  shown  that  their  best  form  would  be  that  of  a  hy- 
perbolic spiral  a&c;  but  the  straight  form  approaches  suf- 
ficiently near  to  the  most  perfect  shape. 

How  mudi  labour  is  lost,  however,  in.  carrying  the  air 
round  those  parts  of  the  drum  where  it  cannot  escape. 
The  fanners  would  dither  draw  or  disduurge  almost  twice 
as  mudi  air  if  an  opening  were  made  all  round  one  side. 
This  could  be  gradually  contracted  (where  required  tot 
winnowing)  by  a  surroundii^  cone,  and  thus  directed 
against  the  fallen  grain:  this  has  been  verified  by  actu^  trial. 
When  used  for  drawing  air  out  of  a  room  fos  ventilation, 
it  would  be  much  better  to  remove  the  outer  side  of  the 
drum  entirely,  and  let  the  air  fly  freely  off  on  all  rides ; 
but  the  flat  ades  are  necessary,  in  order  to  prevent  the  air 
from  arriving  at  the  fanners  any  other  way  but  through  the 
central  holes,  to  whidi  trunks  should  be  fitted  leading  to 
the  apartment  which  is  to  be  ventilated. 
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PriiUed  by  OUi^  t  Bo^  Edinburgh. 


